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Abstract: Solar energy plays a crucial role in helping cities to decentralize energy

production and thus decarbonize the energy mix. Reliable resource assessments are

needed to support the deployment of solar power systems, especially in cities of

developing countries where large solar potential remains untapped. The aim of this

work is to assess the potential of rooftop solar photovoltaic (PV) in three populated

cities in Ecuador’s mainland (Quito, Guayaquil and Cuenca) and in the Galapagos

Islands. The assessment involves (i) the estimation of the available rooftop area based

on geographic information system data, (ii) the calculation of energy yield based on

hourly satellite-derived irradiance and meteorological data, and (iii) the economic

feasibility assessment in terms of levelized cost of electricity (LCOE) compared to

representative electricity tariffs. In addition, a sensitivity analysis is carried out to

assess the variability of the estimated technical and economic potential with respect

to changes in the input parameters. The results reveal a total available rooftop area of

about 144 km2, mainly concentrated in urban parishes. The estimated energy yield is

16.94 ± 3.38 TWh/a, which could cover almost twice the annual energy consumption in

2019 of the study areas. The economic assessment shows that the LCOE ranges between

7.65 and 21.12 USD cents/kWh. However, the comparison of LCOE against represen-

tative residential tariff suggests that rooftop PV technology is not cost-competitive

undermost of the financial scenarios. The findings from this studywill be of interest for

local authorities and other decision makers to design policies and financing strategies

to increase the penetration of rooftop PV and thus exploiting the large potential

assessed in the study areas. The described methodology can be used for assessing the

potential in other regions of Ecuador and thereby support the diversification and

decarbonization of the energy mix in the country.
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1 Introduction

Promoting renewables in cities could produce clean energy to meet urban energy

demand and, at the same time, foster newbusinesses and create local job opportunities

[1]. The use of solar photovoltaic (PV) systems installed on, or integratedwith, the roofs

and façades of buildings is increasing in cities of developed regions such as Europe and

North America. This is driven not only by the flexibility and scalability of this tech-

nology, but also by its rapid development, which has reduced the cost of PV modules

by more than 85% between 2009 and 2018 in most markets [2].

However, the deployment of PV systems in cities of development countries with

higher solar potential is often at an earlier stage [1]. This is the case for Ecuador,

a country located in the northwest of South America that has an important solar energy

potential, since almost 55% of its territory shows solar radiation levels above

4.1 kWh m−2 d−1 [3]. However, in 2020, PV generation only accounted for 0.1% of the

total electric power production, while the country continued relying on hydropower

and fossil fuel thermal power (77.9% and 20.3%, respectively) for electricity generation

[4]. Most of the installed solar capacity in Ecuador corresponds to ground-mounted PV

farms. Nevertheless, since 2018 there is a new regulatory framework that supports the

installation of PV systems up to 1 MWp (Megawatt peak) for self-consumption and also

enables the injection of surplus energy into the grid under a monthly net energy

balance scheme [5]. This has promoted the deployment of PV technology and byMarch

2021 there were 80 PV systemswith a total capacity of 3.0 MWp for self-consumption of

residential, commercial and industrial users [6].

To further promote the growth of PV systems installed on rooftops in Ecuadorian

cities, reliable resource assessments are needed in order to understand the availability

and variability of the solar resource on roof surfaces, as well as to evaluate the eco-

nomic feasibility for implementing this technology in the country. Estimating the PV

potential of an urban landscape is a complex task since building elevations, population

densities, and different urbanmorphologies, combined with a lack of data, complicate

the assessment [7]. The methodologies to assess the rooftop PV potential can be

classified based on the data availability and the scale of the area under study into three

categories: (i) sample methodology, (ii) multivariate sampling-based methodology

and (iii) complete census methodology [7]. In the first category, sampling techniques

are used to estimate the available roof surface which can then be extrapolated.

Although these techniques are less accurate compared to the others, they are suitable

for large regional assessments [8]. In the second category,multivariate sampling-based

methodologies identify correlations between population density and available roof

area by including additional variables to improve the accuracy. Considering that this

methodology maintains a sample-based approach, the method is straightforward but,

due to the inclusion of additional variables, itmay be consideredmore time-consuming

[7]. In the last category, the complete census methodologies are used to compute the
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entire rooftop area of the study region either by processing statistical datasets of

building-related information (e.g., floor area, number of floors, total number of

buildings) or through digital cartographic datasets by applying Geographical Infor-

mation Systems (GIS) data processing [7]. Geo-datasets of solar irradiance are also used

to spatially analyze the available incident solar radiation [9]. Techniques in this

category are generally expected to produce more accurate results, although, they can

be considerably more time consuming and expensive compared to the previous two

approaches [7].

Previous studies focused on Ecuador have assessed the potential of rooftop PV at a

city level in Quito [10], Cuenca [11] and the Galapagos Islands [12]. Dávila and Vallejo

[10] used an statistical approach to assess the technical and economic potential of

PV rooftop for the 32 urban parishes of Quito. The available area for rooftop PV

installation was calculated based on the characterization of the buildings surface area

in two random blocks for each parish, which was then extrapolated to the entire urban

area. The annual energy yield was calculated using average annual solar radiation

values from one point inside each parish, which were retrieved from the typical

meteorological year (TMY) dataset of the National Solar Radiation Database (NSRDB)

[13]. The results showed that the estimated technical potential in the urban parishes of

Quito was 557.1 GWh/a, while the economic potential could be 343.5 GWh/a, if the

installed cost of PV systems decreases to 750 USD/kWp [10]. In the case of Cuenca,

Barragán-Escandón et al. [11] used digital cadastral maps to calculate the available

area of all roofs registered by the municipality up to 2015. Monthly averages of daily

irradiation retrieved from the National Renewable Energy Laboratory (NREL) System

Advisor Model (SAM) [14] were used to calculate the annual energy yield, assuming

uniform irradiance over the study area. The results showed a theoretical potential of

1454.90 GWh/a, which could meet 3.19 times the electricity demand of the area. In the

case of the Galapagos Islands, Tian et al. [12] calculated the annual rooftop PV system

output for two urban settlements, namely Puerto Baquerizo Moreno and Puerto Ayora.

Digital cadastral maps were used to estimate the total available rooftop area. The

annual energy yield was calculated using the average annual solar radiation from the

Global Solar Atlas [15]. Results showed that a minimum of 21% and 27% of the total

rooftop area must be covered to meet the electricity demand in Puerto Baquerizo

Moreno and Puerto Ayora, respectively [12].

The methods used in these studies can be fitted into the first and third categories

mentioned above and have shown the great rooftop PV potential in these Ecuadorian

regions. However, yearly or monthly aggregated irradiation values were used in the

assessments without considering the spatial and temporal variability of the solar

resource throughout the study area.

In this work, we present a GIS-based procedure to assess the rooftop solar PV

potential time series using long-term hourly averages of gridded satellite-derived solar

irradiance and thus taking into account the spatio-temporal variability of the solar

resource. The assessment is performed for three densely populated cities in Ecuador’s
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mainland (Quito, Guayaquil and Cuenca) and the inhabited areas of the Galapagos

Islands. The methodology used for this purpose involves the following stages (i) the

estimation of the available rooftop area based on GIS data, (ii) the calculation of the

energy yield based on satellite-derived irradiance and meteorological data through a

PV system performance modeling toolbox in Python, and (iii) the economic feasibility

assessment in terms of LCOE compared to representative electricity tariffs. In addition,

a sensitivity analysis is carried out to assess the variability of the estimated technical

and economic potential with respect to changes in the input parameters.

The remaining part of this work proceeds as follows. Section 2 describes the

selected study areas. Section 3 describes the GIS and meteorological datasets used in

the geospatial and technical assessments. Section 4 explains the methodology

implemented in each stage of the assessment. Section 5 presents and discusses the

results with a dedicated subsection for each stage of the assessment. Finally, Section 6

summarizes the main findings of this work.

2 Study area

Ecuador is located in the northwest of South America with a continental area located

from 82 °W to 75 °W in longitude and from 5.1 °S to 1.5 °N in latitude, and the Galapagos

Islands locatedbetween91.7 °Wand89.2 °Win longitudeandbetween1.5 °Sand0.4 °N in

latitude. The total surface area is 256,370 km2, including the insular zone. The country is

politically and administratively organized in regions, provinces, cantons and parishes

(urban and rural) [16]. Currently, there are 24 provinces subdivided in 221 cantons [17].

This study is focused on three densely populated cities in Ecuador’s mainland,

specifically Quito, Guayaquil and Cuenca, which are located in the cantons with the

same names. Additionally, the assessment also includes the Galapagos Islands,

a natural protected area, where distributed renewable energy generation is a relevant

topic since the islands are not connected to the mainland’s power grid. Figure 1 shows

the location of the selected study areas.

Quito is a metropolitan district that belongs to Pichincha province and is the

country’s capital. It is located in the northern Ecuadorian highlands, comprises 32

urban and 33 rural parishes and has a population of around 2.2million inhabitants [19].

Guayaquil is the capital of Guayas province and the most populated canton with more

than 2.3 million inhabitants [19], distributed in 16 urban and 5 rural parishes. It is

located in the southwest Ecuador on the coastal area and is traditionally considered

together with Quito as the poles of development [16]. Cuenca is the capital of Azuay

province located in southern Ecuadorian highlands with a population of around 505

thousand inhabitants [19], distributed in 15 urban and 22 rural parishes. The Galapagos

Islands comprise 13major and sixminor islands; though, only four of themajor islands

are inhabited, namely Santa Cruz, San Cristobal, Isabela and Floreana with a total

population about 25 thousand [19].

4 M. Tapia et al.



3 Data

3.1 GIS datasets

The calculation of the available rooftop area is based on publicly available GIS datasets

mapping the human settlements of each study area, which were retrieved from the

geoportal of the corresponding municipality (Table 1). Each dataset contains vector

polygons representing (i) the building footprints of the urban and rural parishes of

Quito and Cuenca (Figure 2a and c, respectively), (ii) the parcel lots of the urban and

rural parishes of Guayaquil (Figure 2b), as well as the rural parishes of Cuenca

(Figure 2c), and (iii) the urban zone boundaries of the four inhabited islands in

Galapagos (Figure 2d).

In the case of parcel cadastral maps, where the vector polygons may contain

buildings and ground area, a common approach to calculate the overall rooftop area is

to apply a reduction factor that describes the relationship between gross ground floor

area to rooftop area [7]. Thus, for the calculation of the roofed area in Guayaquil the

maximum building coverage ratio of 65% established by the municipality [20] is used

as the reduction factor. For Cuenca,we also use 65%as the reduction factor for the rural

parishes, since the municipality does not set a specific maximum building coverage

ratio, but rather defines it depending on the parcel area at 60%or 70% [21], thereforewe

use the midpoint for simplicity.

Figure 1: Location of the study areas in Ecuador’s mainland and the Galapagos Islands. The

continental area shows the administrative boundaries at canton level.

Source: Own representation, data retrieved from ref [18].
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Amultiplication factor is also needed to calculate the roofed area of the inhabited

areas of Galapagos based on the urban zone maps. To define this factor, we use as

reference the findings of the assessment performed by Tian et al. [12], whohad access to

the digital cadastral maps of two parishes of Galapagos. According to their results,

Table : Description of the GIS datasets used for the geospatial assessment.

Dataset Type Download date Source

Digital cadastral map Quito Building footprint .. []

Digital cadastral map Guayaquil Cadastral parcels .. []

Digital cadastral map Cuenca Building footprint and cadastral

parcels

.. []

Urban areas map Galapagos Boundaries of urban zones .. []

Administrative boundaries map Ecuador Digital map .. []

Figure 2: Partial captures of the GIS datasets (colored polygons) using Google satellite imagery as

background.

(a) Building footprint of Quito, (b) cadastral parcels of Guayaquil, (c) building footprint of the urban

parishes and cadastral parcels (red polygons) of the rural parishes in Cuenca, (d) urban zone

boundaries of Santa Cruz Island in the Galapagos Island.

Source: Own representation, data retrieved from refs. [22–25].
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Puerto Baquerizo Moreno (San Cristobal Island) and Puerto Ayora (Santa Cruz Island)

have a total rooftop area of 0.324 km2 and 0.392 km2, respectively. These areas corre-

spond to approximately 30% of the total urban zone area of each parish in the maps

retrieved for our study. Thus, we use 30% as the reduction factor assuming similar

characteristic in the four study islands.

3.2 Solar irradiance and meteorological data

The historical hourly time series from 1998 to 2018 of global horizontal irradiance

(GHI), diffuse horizontal irradiance (DHI), direct normal irradiance (DNI) in [W/m2],

wind speed in [m/s] and ambient temperature in [℃] over Ecuador’s mainland and the

Galapagos Islands were retrieved from the NSRDB [13]. It should be noted that the

spatial resolution of the dataset was increased from the native NSRDB resolution to

3 × 3 km by using the first order conservative remapping method. This post-processing

was done to match the spatial resolution of various datasets we use in other studies

(see more details in ref [26]).

To estimate the rooftop PV technical potential, we use the long-term hourly

average dataset (i.e., 8760 time-steps for each grid point), which is calculated from the

hourly irradiance andmeteorological data over the period 1998–2018. This reduces the

variability of the meteorological data and enables the estimation of the long-term PV

potential without bias due to extreme events of a specific year [27].

4 Methodology

Figure 3 displays anoverviewof themethodologyused in this study to estimate the rooftopPVpotential.

It comprises four different stages: (1) the geospatial assessment to calculate the available rooftop area

using the GIS datasets, (2) the technical assessment to estimate the energy yield based on the gridded

meteorological data and the resulting available rooftop area, (3) the economic assessment to evaluate

the economic feasibility of PV technology in terms of LCOE under three financial scenarios, (4) the

sensitivity analysis to quantify the variability of the annual energy yield and LCOE with respect to

changes in the input parameters. Each of these stages is explained in more detail in the next

subsections.

4.1 Geospatial assessment methodology

The geospatial assessment comprises the following steps, which are performed using QGIS 3.16 [28].

– Shapefile processing: First, all digital cadastral and administrative boundaries maps are repro-

jected to the same coordinate reference system (World Geodetic System 1984, known as WGS84).

Next, those polygons representing empty parcels are removed from the digital cadastral maps,

because they can lead to overestimation of the rooftop area. Note that this removal is only possible

for Guayaquil, since its GIS dataset contains information about the type of building in the attribute

table.
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– Gridding: A process called “gridding” is carried out through an algorithm that creates a matrix of

squares with a fixed area using a set of geographic coordinates as centroids. For this process, each

administrative boundary map is divided into grid squares, whose centroids are the geographical

coordinates of the gridded meteorological dataset. Each square has an area of 3 × 3 km2. This

procedure is necessary to ensure that both the subsequently calculated rooftop areas and the

meteorological dataset match in terms of geospatial resolution, allowing the technical potential

calculation afterwards. An illustration of this process over the digital map of Guayaquil is dis-

played in Figure 4a.

– Calculation of available rooftop area: Once the reference grid layer is built, the area of the

polygons (which represent buildings from an aerial view) inside each grid square is calculated.

This is performed using the geoprocessing tool of QGIS called “clipping” that overlays a vectorized

layerwith a vector boundary layer to extract the part inside the area of interest by eliminating areas

outside of it [29]. In other words, only the polygons inside the boundary layer are extracted,

resulting in a new subset of the original vector layer. The reference grid squares are used as the

vector boundary and an iterative process is applied to extract those polygons inside each specific

grid square (as illustrated in Figure 4b), and subsequently calculate their total area. This procedure

is repeated for each grid square until the entire study area is covered. Then, a raster map is

generated in which the calculated available rooftop area is associated with the corresponding

geographical coordinates of the grid square centroid. At the end, this information is exported as

comma-separated values (CSV) file to be used in the technical assessment stage.

4.2 Technical assessment methodology

4.2.1 Energy yield calculation: Thepvlib-pythonpackage [30] is used to calculate the PV energy yield of

the total available rooftop area of each grid square based on the hourly irradiance and meteorological

dataset. The calculation requires a set of input parameters regarding the PV module specifications

and the technical parameters of the PV system, namely (i) surface azimuth, (ii) tilt angle, (iii) the factor

floss that accounts for capture and system losses, and (iv) the utilization factor fu that is defined as the

usable portion of the rooftop area for the installation of PV modules. The mono-crystalline silicon

Figure 3: Overview of the applied methodology to estimate the rooftop PV potential.
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module SPR 220 BLK-U from SunPower is used in the calculations (see specifications in Table A1 of

Appendix A). The technical information of this module can be retrieved directly in pvlib-python.

For the base case calculations, the technical parameters of the PV system are defined as follows

and are assumed to be uniform throughout the study areas. The surface azimuth is set at 0° respect to

due north, sincemost of the territory of the study areas lays below the equator. The tilt angle is set at 20°,

which is themidpoint of the typical inclination angle range (14° and 26°) of roofs in Cuenca found in ref.

[31]. The factor floss is set at 14%, a typical value representing losses due to soiling, shading, mismatch,

wiring, connections, light induced degradation, nameplate rating and operational availability [32], as

well as cable and inverter losses [9]. Note that losses due to temperature are not included in floss, since

pvlib-python uses a thermal model to predict the associated operating temperature of the PV modules

based on the given meteorological dataset [33]. The utilization factor fu is set at 50% based on ref. [34]

that found that the average suitable area of residential buildings in the urban and rural area of Cuenca

ranged between 49% and 51%.

After setting the base case technical parameters, the calculation of the energy yield is performed

using the object-orientedmodeling paradigm of pvlib-python [35]. The PV system object is instantiated

with the selected PVmodule and the predefined tilt and azimuth angles. The Sandia Array Performance

Model (SAPM) [33] is selected tomodel the electrical performance of the PVmodules. The temperature of

the PV modules and cells are modeled assuming a “close roof mount” mounting configuration [33],

since we investigate the performance of PV systems installed on rooftops. The Hay-Davies model [36] is

selected as the irradiance transposition model to get the plane of array (POA) irradiance components.

Then, an instance of the ModelChain class is created with the geographical coordinates of a grid

point of location (s) and the previously defined PV system object. Next, themodel is runwith the hourly

meteorological data of that grid point. In this step, the SAPM model simulates the characteristic cur-

rent–voltage (I-V) curve that determines the output power of a single PV module under those specific

meteorological conditions. The output is a time series that includes: short-circuit current (Isc), open-

circuit voltage (Voc), and current, voltage, and power at maximum power point (Imp, Vmp, Pmpp,

respectively).

Figure 4: Illustration of the gridding process applied to Guayaquil’s digital maps.

(a) Gridding generation over the digital map of administrative boundaries. (b) Clipping processing

over the digital cadastral map.
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Subsequently, the total power output produced in each grid square of location (s) is calculated. For

this, the usable rooftop area APV(s) is calculated according to Eq. (1), where Art(s) is the total available

rooftop area in the grid square of location (s), and fu is the rooftop utilization factor. Then, the number of

modules Nm that can be installed inside the corresponding usable rooftop area APV(s) of the grid square

of location (s) is calculated according to Eq. (2), where Am is the area of one PV module.

APV(s)
= Art(s) ⋅ fu (1)

Nm = APV(s)
/Am (2)

The total power output Ptotal(s)(t) produced in the grid square of location (s) at time (t) is calculated

according to Eq. (3), where Pmpp(s) is the hourly output power at the maximum power point from the

SAPM model simulated using the meteorological data of location (s) at time (t), Nm is the number the

PV modules, and the factor floss accounts for the system losses.

Ptotal(s)(t) = Nm ⋅ Pmpp(s)(t) ⋅ (1 − floss) (3)

Note that the Pmpp(s) is used for the calculation of the total power output to have a unique criterion

of the performance of the modeled systems; however, under real operational conditions the power

output may vary among PV systems.

The process described above is repeated for each grid square of each study area. Then, the

resulting power output time series associated with the specific geographical coordinates of the grid

square centroid are collected in a dataset and exported as NetCDF file.

The annual energy yieldEannual in each study area is calculated according to Eq. (4), where y equals

8760 h in a year and k represents the total number of grid squares inside the study area.

Eannual = ∑
k

s=1

∑
y

t=0

Ptotal(s)(t) (4)

At the end of the process, one file for each study area is generated in such a way that the

accumulated annual or monthly energy yield, hourly averages and other statistics can be calculated in

Python. Additionally, the annual energy yield results are exported as raster layer to be visualized in

QGIS. Figure 5 illustrates the input datasets used for the calculation and the technical potential output

raster map.

4.3 Economic assessment

4.3.1 Levelized cost of electricity: The economic viability of solar PV technologies depends on the

possibility of substituting an existing source of electricity with that from a PV system, which is

commonly evaluated by comparing the levelized cost of electricity (LCOE) against the current electricity

prices [9]. The LCOE expressed in [USD/kWh] is defined as the total cost (investment plus operational

costs) of a power-generating asset over its lifetime divided by the total energy output of the asset over

that lifetime [37], and calculated according to Eq. (5) [38].

LCOE =

(CAPEX + ∑
N

n=1

OPEX

(1 + r)n
) ⋅ PI

∑
N

n=1

E0 ⋅ (1 − D)n

(1 + r)n

(5)

where:

CAPEX: total initial investment (capital expenditures) [USD/kWp].

OPEX: annual operation and maintenance expenditures [USD/kWp].

PI: total installed capacity [kWp].
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E0: initial annual energy yield [kWh].

r: discount rate [%].

D: system degradation rate [%].

n: year considered [−].

N: PV system lifetime [years].

As suggested in ref. [38], we calculate the LCOE under three financial scenarios (called low, medium

and high), using different values for CAPEX, OPEX, and r, which are selected based on multiple

literature sources summarized in Table 2. The reference values for CAPEX and discount rate for each

scenario are selected based on recent studies on economic assessment of PV systems in Ecuador

listed in Table B1 of Appendix B, while the reference values for OPEX are calculated as 1% of the

investment costs, following the criterion used in refs. [39, 40], who assessed PV systems in Ecuador

and Brazil, respectively. A linear degradation of 0.5%per year [9, 38] and a lifetime of 25 years [38] are

assumed for the three scenarios.

4.3.2 Electricity tariffs in Ecuador: In Ecuador the electricity tariff regime depends on the geographical

area and is designed in such a way that the electricity prices increase in steps according to the range of

the monthly energy consumption [43]. The increase is slight for low monthly consumption, while it is

exponential for consumption above 500 kWh/month [44]. This aspect is relevant since there is not a

Figure 5: Illustration of the input datasets used for the technical rooftop PV potential assessment in

Guayaquil.

Table : Input parameters for the economic assessment under three financial scenarios.

Input parameter Units Low Medium High References

CAPEX USD/kWp    [, , ]

OPEX USD/kWp . . . [, ]

Discount rate % . . . [, , ]

Degradation rate % . . . [, ]

Lifetime Years    []

Rooftop photovoltaic potential in multiple cities of Ecuador 11



fixed reference price for determining the economic potential of rooftop PV, but rather a range. To

simplify the analysis, we assume representative electricity tariffs for residential users in each study

area, which are defined based on previous studies as described below.

For Quito andGuayaquil, we use the findings from ref. [44], who performed a clustering analysis of

electricity consumptiondata fromboth cities in order to (i) classify customers according to consumption

range and category (residential, commercial and industrial), and (ii) calculate the representative

consumption per category. According to the results, almost 85% of consumers fall into the residential

category with a consumption less than 500 kWh/month [44]. Further, the representative monthly

consumption for this category was 145.21 kWh/month in Guayaquil, while in Quito was around

116 kWh/month [44]. Therefore, the representative electricity tariff of 8.3 USD cents/kWh is assumed for

our analysis, which is the base tariff for the consumption range 101–150 kWh/month in these areas

according to the regulated tariffs listed in ref. [43].

In the case of Cuenca and the Galapagos Islands, no similar studies were found in the literature.

For this reason, the selection of the representative electricity tariff for these areas is based on the

Ecuadorian electricity sector statistics of 2019 reported in ref. [45]. According to the statistics more than

98% of the consumers in both areas fall into the residential category, suggesting that typical monthly

consumption could be similar to consumption in Guayaquil and Quito. Thus, the representative elec-

tricity tariff of 9.5 USD cents/kWh is assumed for our analysis in Cuenca and the Galapagos Islands,

which corresponds to the base tariff for consumption range 101–150 kWh/month in those regions

according to the regulated tariffs listed in ref. [43].

In addition to the cost of monthly energy consumption, the final electricity bill for residential

users in Ecuador includes fees for commercialization and public lighting services [43]. Therefore, it is

necessary to take into account these fees to analyze the economic viability of PV roof systems. Table 3

shows the total residential electricity tariffs assumed in this study, which are calculated based on the

listed representative consumption and following the approach used in ref. [39]. Note that the

calculated additional fees in USD cents/kWh are only an approximation, since in reality the

commercialization and public lighting fees are paid monthly regardless of consumption. The final

electricity bill may also include different subsidies [43], although these are not taken into account in

this study.

4.4 Sensitivity analysis

A local sensitivity analysis is conducted to quantify the impact of the individual parameters for the

calculation of the technical and economic assessment. The one-factor-at-a-time method is selected for

this purpose, which consists in the variation of each variable within a defined range while keeping the

others fixed and calculating the value of the parameter of interest [46]. Table 4 shows the sensitivity

ranges for the input parameters involved in the annual energy yield and the LCOE selected based on the

literature consulted.

First, the annual energy yield or LCOE is re-calculated varying the input parameter within the

corresponding range. Then, a simple linear regression is performed to (i) model the relation between

the dependent parameters of interest (energy yield or LCOE) and the changed input parameters

(except for the azimuth angle), and (ii) obtain the correlation coefficients [47]. The fitted lines from

the regression analysis are used to re-calculate the values of LCOE and energy yield by replacing the

values of the input parameters. Finally, the results are expressed as a percentage of variation with

respect to the base case values. In the case of the azimuth angle, the re-calculated annual energy

yield is displayed in a polar plot for the different orientations relative to due north.
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5 Results and discussion

5.1 Available rooftop area

The results of the geospatial assessment under the base case assumptions reveal a total

available rooftop area of 143.88 km2 over all the study areas. Table 5 summaries the

results and compares the available rooftop area with the population statistics.

Guayaquil andQuito have large rooftop areas (61.11 and 69.00 km2, respectively), while

Galapagos have the highest value in terms of rooftop area per capita (41.66 m2 per

Table : Assumed representative residential electricity tariffs for each study area, which are calculated

based on data from refs. [, , ].

Study area Base tariff Representative

consumption

Commercialization

fees

Public lighting fees Total

tariff

[USD

cents/kWh]a
[kWh/month] [USD/

consumer/

month]

[USD

cents/

kWh]

[USD/

consumer/

month]

[USD

cents/

kWh]

[USD

cents/

kWh]

Quito . .b
. . . . .

Guayaquil . .b
. . .

Cuenca . .c
. . .

Galapagos

Islands

. .c
. . .

aRegulated electricity tariffs in  for the corresponding representative monthly consumption in each study area.

Source: ref. [], brepresentative monthly consumption found in ref. [], caverage of the representative monthly

consumption range (– kWh/month).

Table: Sensitivity range for the input parameters involved in the calculation of energy yield and LCOE.

Input parameter Units Sensitivity range Step References

Utilization factor – .–. . [, ]

Tilt angle Degrees –
a

 [, ]

Azimuth angle Degrees – . []

System losses – .–. . [, ]

CAPEX USD/kWp –  [, ]

OPEX USD/kWp –  []

Discount rate % –
b

. [, ]

Degradation rate % .–.c
. [, ]

Lifetime years –  [, ]

aThe lower limit tilt angle is set at °, which is the minimum angle recommended to avoid dirt accumulation on the PV

modules [], bthe range for the discount rate is based on the more optimistic value from the European market []

and the highest rate for the studies in Ecuador [], cthe degradation rate range is set from .% to % taken as

midpoint the typically rate of .% considered in refs. [, ].

Rooftop photovoltaic potential in multiple cities of Ecuador 13



inhabitant). Note, however, that the calculations for Galapagos are not based on the

digital cadastral maps (see Table 1).

Figure 6 displays the spatial distribution of the available rooftop area under the

base case input parameters in each study area. In Quito, the roofed area is highly

concentrated (∼89%) between latitudes 0.5 °S and 0 °N where the urban parishes are

located. Lower available rooftop area is seen in the east and north, where rural land is

predominant. In Guayaquil, the total available rooftop area is 69 km2 considering a

factor of 0.65 as themaximum building coverage ratio, since the digital map comprises

cadastral parcels (see Section 3.1). The highest concentration of roofed area lies on the

northeast between longitude 80 °Wto 79.8 °Wand latitudes 2 °S to 2.3 °S. In Cuenca, the

total area is 12.72 km2 of which ∼7.8 km2 (61%) belongs to the urban zone, where more

than half of the roofed area is placed at latitude 2.94 °S between longitudes 79 °W and

78.8 °W. In the rural parishes, the rooftop area is 7.56 km2 calculated from the cadastral

parcel map, which is reduced to 4.91 km2 considering a factor of 0.65 as the maximum

building coverage ratio. In the Galapagos Islands, the total rooftop area is 1.05 km2,

assuming a 30% of rooftop area occupation in the urban zones. Santa Cruz Island

(located between latitudes 0.5 °S and 0.75 °S) shows the largest rooftop area (0.5 km2),

which is distributed between the parishes PuertoAyora, Bellavista and Santa Rosawith

0.38 km2, 0.052 km2 and 0.055 km2, respectively. The rooftop area for San Cristobal

Island is 0.33 km2, from which 0.03 km2 belongs to Puerto Velasco and approximately

0.30 km2 to Puerto Baquerizo Moreno. Isabela Island has 0.21 km2 of rooftop area

accumulated in Puerto Villamil.

5.2 Technical assessment results

Table 6 provides a summary of the estimated technical rooftop PV potential under the

base case input parameters and assuming that 100% of the usable rooftop area were

developed. Quito and Guayaquil have the highest technical potential with an annual

energy yield over 7000 GWh/a. This high potential is related to the large rooftop area

Table : Summary of the estimated available rooftop area in each study area and comparison with

population statistics from . Source: Own calculations and statistical data from ref. [].

Study area Number of

polygons

Available rooftop

area [km]

Rooftop area per inhab-

itant [m per capita]

Share in the total esti-

mated rooftop area [%]

Quito , . . .

Guayaquil , . . .

Cuenca , . . .

Galapagos

Islands

– . . .

Total  , . . 
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available in those study areas. In contrast, Cuenca and the Galapagos Islands have

lower potential, with an annual energy yield equal to 1475 and 135 GWh/a, respec-

tively. Nevertheless, the results in terms of generation per rooftop area show that

Galapagos have the highest technical PV potential, which is to be expected since the

irradiation level on the islands is higher than on the other continental areas. The

specific yield values shown in Table 6 also reflect the large potential in Galapagos

(1458.62 kWh/kWp), closely followed by the potential in Quito (1452.98 kWh/kWp).

The comparison between the estimated rooftop PV annual energy yield and the

electricity consumption in 2019 reported in ref. [45] shows that the rooftop PV gener-

ation surpasses the annual consumption in all study areas (Table 6). This is a

remarkable result that implies that the 54.77% of the estimated technical potential

could cover the annual electricity consumption in these areas.

The spatial distribution of the rooftop PV annual energy yield under the base case

assumptions for each study area is shown in Figure 7, where it is evident that the

potential is centered in areas with the highest building concentration, as shown in the

geospatial assessment results in Section 5.1.

A more detailed look at the estimated annual energy yield under the base case

assumptions aggregated by parishes in Quito, Guayaquil and Cuenca is shown in

Figure 6: Spatial distribution of the available rooftop area under the base case assumptions in each

study area with a grid resolution of 3 × 3 km.

Source: Own calculations, data retrieved from refs. [22–25].
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Figure 8. Additionally, the comparison between the expected annual energy yield by

parishes and the electricity consumption in 2019 disaggregated by consumption type is

shown in Figures C.1–4 in Appendix C. From these figures, it can be seen that the

parishes Calderon and Conocoto in Quito, which are densely populated peri-urban

parishes, have the highest annual yield (570.95 and 413.09 GWh/a, respectively). In

Cuenca, Yanuncay that is the biggest and most populated urban parish shows the

highest annual yield (147.51 GWh/a), while Ricaurte that is a rural parish takes the

second place (110.16 GWh/a). In Guayaquil, Tarqui, which is the biggest and most

populated urban parish, shows the highest annual yield (2554.09 GWh/a). In Gal-

apagos, Puerto Ayora and Puerto Baquerizo Moreno account for the highest annual

yield (47.96 and 41.38 GWh/a, respectively).

What stands out in Figures C.1–4 is that the estimated rooftop PV potential sur-

passes the annual electricity consumption of almost all parishes of the study areas. The

exceptions are the parishes Iñaquito that has a high commercial consumption in Quito,

Hermano Miguel that has the highest industrial consumption in Cuenca, and Ximena

that has the highest industrial and commercial consumption in Guayaquil, according

to the electricity consumption statistics in 2019 reported in ref. [45].

Figure 7: Spatial distribution of rooftop PV annual energy yield under the base case assumptions

with a grid resolution of 3 × 3 km.
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5.2.1 Comparison between monthly rooftop PV generation and electricity

consumption

The comparison between the monthly estimated energy yield and the recorded elec-

tricity consumption in 2019 is shown in Figure 9. From this figure, it is evident that the

estimated PV generation exceeds the electricity consumption throughout the year in all

study areas. It can also be seen that the monthly consumption is relatively stable

(especially in Quito and Cuenca). In contrast, the PV generation shows an intra-annual

variability, which is related to the spatio-temporal variability of the solar resource

previously investigated in ref. [26].

In Quito, the estimated average monthly PV production is 654.29 GWh with high

values between June and August (787.11 GWh max.) and low values from November to

February (542.76 GWh min.). In contrast, the average monthly consumption is

281.29 GWh with a variation no greater than 3% throughout the year. The low intra-

annual variability of energy consumption is related to the low seasonal oscillation of

ambient temperature in Quito, which consequently reduces the need of electric-based

heating or cooling systems for interior spaces. The peak consumption is reached in

November (286.11 GWh), while the lowest consumption occurs in March (273.14 GWh).

The estimated PVproduction in Guayaquil shows a bimodal pattern (Figure 9) with

two peaks occurring in March–May and August–September (698.61 GWh max.) and a

Figure 8: Estimated annual energy yield under the base case assumptions aggregated by parishes in

Quito, Guayaquil and Cuenca.
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minimum in February (516.43 GWh). In contrast, the electricity consumption in

Guayaquil shows a unimodal pattern with a peak in May (446.94 GWh) and minimum

in September (387.10 GWh). The seasonal behavior of the energy consumption seems to

be correlated to the increased use of air conditioners driven by the rise of temperature

and relative humidity [53]. The estimated average monthly PV production is

623.49 GWh, while the average consumption is 418.82 GWh.

Figure 9 also shows that both the estimated PV production and electricity con-

sumption in Cuenca display low intra-annual variability. The estimated average

monthly PVproduction is 121.49GWh,with the highest production inMay (130.72 GWh)

and the lowest in February (108.50 GWh). In contrast, the average consumption is

68.50 GWh and the intra-annual variability of energy consumption is low. Similar to

Quito, the ambient temperature in Cuenca is stable and comfortable throughout the

year, which reduces the need of electric-based heating or cooling systems for interior

spaces [31]. The peak consumption occurs in August (70.43 GWh), while the lowest

consumption occurs in July (66.89 GWh).

InGalapagos, the highest production is reached inMay (12.92GWh), dropping from

November to February and reaching a minimum in December (9.17 GWh). In contrast,

the electricity consumption shows a peak in March (5.6 GWh) and a minimum in

September (3.69 GWh). The increase of consumption from December to May corre-

sponds to the peak tourist season [54]. The estimated averagemonthly PV production is

11.11 GWh, while the consumption records an average of 4.66 GWh.

Figure 9: Comparison of estimated energy yield under base case assumptions in each study area

against the monthly electricity consumption during 2019 from all consumption groups (residential,

commercial, industrial, public lighting and others).

Source: Own calculations and consumption statistics in 2019 from ref. [45].
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5.2.2 Comparison between hourly rooftop PV generation and electricity demand

profiles

Examining the time series of the expected rooftop PV generation against the electricity

demand at an hourly scale is necessary to understand the consequences for the local

energy balance, since increased PV penetration can lead to instability of the grid and

considerably escalate the storage and system back-up requirements [55]. In order to

provide an overview of this comparison, we use a typical hourly demand profile from

residential and commercial users in Quito taken from ref. [39].

The comparison shows that PV generation does not match the demand periods for

residential users (Figure 10a). The demand curve shows a small peak around 7 am and

another of higher magnitude at 7 pm, while PV generation reaches its highest pro-

duction between 10 am and 2 pm, when residential electricity demand is low. In the

case of commercial users (Figure 10b), the first demand peak occurs between 9 and

11 am, which corresponds to the maximum PV generation hours; however, the second

peak occurs from 5 to 7 pm when PV output is decreasing. This comparison suggests

that the estimated rooftop PV technical potential could not be completely exploited

without the use of storage systems or on-grid connections to feed the excess rooftop PV

energy into the grid. Nevertheless, it should be noted that a more detailed analysis of

production-demand imbalances is needed, using hourly demand time series for a

whole year instead of typical profiles. In this way, the seasonal variations, which are

seen especially in Guayaquil and Galapagos (Figure 9), can be captured to better

understand the imbalances between the rooftop PV production and the demand in

each study area. The lack of open-access data on electricity demand at higher than

monthly temporal resolution, however, hinders such assessments.

5.3 Economic assessment results

Figure 11 shows the comparison of the calculated LCOE under the three different

financial scenarios with the assumptions listed in Table 2. It is important to highlight

that these results are based on the assumption that 100% of the estimated technical

potential under the base case input parameters is exploited. The lowest LCOE values

under all scenarios are seen in Quito and the Galapagos Islands, while Guayaquil has

the highest values. When comparing the results by scenarios, the LCOE increases as

the financial condition are more unfavorable, meaning that the highest values are

obtained under the high scenario.

A comparison between the estimated LCOE against the representative residential

electricity tariffs under the different scenarios is shown in Figure 11. The results suggest

that PV generation is cost-competitive in all study areas under the low scenario, which

considers optimistic initial investment costs and a low discount rate. In contrast, the

assumptions of themedium scenario aremore realistic, since they are based on current
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financial conditions. However, the results suggest that under this scenario rooftop PV

is cost-competitive only in Galapagos. This is an interesting outcome that suggest that

despite showing the lowest technical potential rooftop PV generation in Galapagos

would be cost-competitive, which may be explained by the fact that the irradiation

levels are higher on the islands as compared to the other areas (Table 6). The LCOE

values calculated under the high scenario suggest that PV generation is not cost-

competitive in any of the study areas, since the generation would cost between 65 and

Figure 11: Comparison of estimated LCOE per study area under three financial scenarios if 100% of

the usable rooftop area under the base case assumptions were exploited.

Figure 10: Comparison of estimated hourly average power output per rooftop area against typical

hourly demand profile in Quito for (a) residential users (average monthly consumption of 500 kWh)

and (b) commercial users (contracted power 11 kW).

Source: Own calculations and consumption data from ref. [39].
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105% more compared to the representative residential tariffs. Nevertheless, it must be

kept in mind that this scenario assumes the highest expenditures and discount rates.

The resulting LCOE calculated in this study are aligned to previous solar PV

assessment in Ecuador. For instance, in ref. [11] the estimated LCOE was 12 USD

cents/kWh for PV solar generation in Cuenca (12.62 USD cents under the medium

scenario). Also, in ref. [56] the estimated LCOE for PV solar generation in Ecuador was

calculated between 11.21 and 13.34 USD cents/kWh with a tendency to be more cost-

competitive comparing to the tariffs in the future. In this respect, according to the

projections from the Inter-American Development Bank, investment cost for PV pro-

jects are expected to decrease progressively in Ecuador (950 USD/kWp in 2023) [57],

which would be reflected in lower LCOE values for rooftop PV as well.

In this work we compare only the calculated LCOE against tariffs for residential

users since the scope of this study is to assess the rooftop PV potential at a city level

using representative tariffs. However, the analysis of single systems with a specific

power capacity and demand requirements could provide further insights about the

rooftop PV economic feasibility for industrial and commercial users. For instance,

Benalcázar et al. [39] assessed the competitiveness to integrate small-scale PV systems

(5 and 10 kWp) for self-consumption of commercial users in Quito. The authors

concluded that the implementation of PV systems for commercial users is economically

feasible, representing reductions of around 12% and 25% compared to monthly elec-

tricity bills from the utility company. Further, the current regulation framework for self-

consumption using distributed energy systems under a monthly net energy balance

scheme [5] is expected to provide economic incentives for users and to support the

penetration of solar PV rooftop technology in Ecuador.

5.4 Sensitivity analysis results

5.4.1 Sensitivity analysis for technical parameters

The variability of the estimated energy yield with respect to changes of ±20% in the

input parameters is shown in Figure 12, where similar change patterns are seen in each

study area. The largest deviations on the energy yield with respect to the base case are

caused by the variations of the utilization factor fu. This is because fu impacts the

calculation of the usable rooftop area APV(s), which at the same time determines the

number of PV modules that can be installed (see Eqs (1) and (2)). Therefore, a higher

usable rooftop area leads to a higher generation capacity.

Changes in the floss factor have a greater impact on the energy yield compared to

those due to the tilt angle, but less compared to variations due to the fu factor

(Figure 12). The estimated annual yield for Quito and Guayaquil deviates up to

±0.1 TWh/a per each 1% of variation in the floss factor. For Cuenca and Galapagos this

deviation is equivalent to ±0.01 and ±0.001 TWh/a, respectively. As expected, the
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relation between energy yield and floss is inverse, i.e., as floss increases the energy yield

decreases. However, note that the analysis of the sensitivity of floss shows aggregated

results, since this factor represents losses due to several causes (e.g., shading, dust,

wiring, etc.). Nevertheless, this approach has been performed in previous assessments

at a regional or national level (e.g., ref. [9, 58]). An alternative method for dis-

aggregating losses due to shading could be, for instance, to model shadows on

building roofs for each pixel at a given sun position (see e.g., ref. [27]). Such an

approach was beyond the scope of the present study; however, it could be applied in

Quito and the urban area of Cuenca, since the digital cadastral maps characterize the

building footprint in these areas.

From Figure 12 it is also evident that variation in the tilt angle within the selected

range has the lowest impact on the energy yield calculation for all study areas. The

maximum deviation of the energy yield is around ±1.5% for changes of ±20% in the

base case tilt angle (20°). This minor effect is explained by the fact that sun’s decli-

nation varies little over the equator and there is no strong seasonality as observed in

places at lower or higher latitudes. This finding is consistent with that of Serrano-

Guerrero et al. [50], who found that the optimal flat surfaces inclination to maximize

solar irradiation capture is between 9° and 16°. Similarly, Barragán-Escandón et al. [59]

found that losses become significant when tilt angles are close to 30°.

Figure 12: Variability of the estimated energy yield in each study area with respect to changes of

±20% in the input parameters.
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The variation of the annual energy yield with respect to the azimuth and tilt angle

is shown in Figure 13, where it can be seen that the impact from this parameter is

different among the study areas. In Quito, the orientation towards east (90 ± 22.5°

relative to due north) with 20° inclination leads to higher potential. In Guayaquil, flat

roofs or those oriented between 0° and 45° relative to due north with 10° inclination

show higher potentials. In Cuenca and Galapagos, flat roofs or those oriented be-

tween 45° and 90° relative to due north with 10° inclination show higher potentials. In

the case of Quito, the resulting east-facing optimal orientation can be explained by

comparing the DNI average hourly values throughout the year (see Figure D.1 in

Appendix D), in which a clear trend of high DNI values in themorning and low values

in the afternoon is seen, suggesting that PV generation decreases in the afternoon due

to more cloudy conditions, therefore favoring the east-facing orientation. These

findings are contrary to theoretical recommendations that suggest the orientation of

modules towards north for countries located in the southern hemisphere [60].

However, our findings are consistent with those of Serrano-Guerrero et al. [50], who

determined the optimal orientation and inclination of modules for solar energy ap-

plications using a modeling approach with data from meteorological stations in

Cuenca and typical meteorological years datasets for other cities in Ecuador

(including Quito and Guayaquil).

Figure 13: Polar plot of annual energy yield for different roof tilt and orientation in each study area.

The radius indicates the tilt angle, while the polar angle refers to the orientation.
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5.4.2 Sensitivity analysis for economic parameters

The results of the sensitivity analysis for the economic parameters shown in Figure 14

reveal that the most sensitive parameters for the LCOE calculation are CAPEX and

discount rate r. Variations in the CAPEX produce a deviation of almost the same order

in the LCOE, i.e., a variation of ±100 USD/kWh in the CAPEX represents a deviation up

to±0.9USD cents/kWh in the LCOEwith respect to the initial estimates. TheOPEXhas a

lower effect as compared to the CAPEX, since a change of ±20% in the OPEX produces a

deviation lower than ±2% in the LCOE. In solar PV systems, the initial investment costs

represent the greatest portion of the PV lifecycle costs, therefore it is expected that the

variations in CAPEX have more effects on the LCOE than the OPEX [38].

Figure 14 also indicates a strong influence of the discount rate in the LCOE

calculation. A variation of ±20% in the base case discount rate causes a deviation

around±12% in the LCOEwith respect to the initial estimates. This effect stems from the

mathematical formulation of the LCOE (see Eq. (5)). The degradation rate has less

impact in the PV generation costs as a variation of ±20% produces a deviation lower

than 1% in the initial LCOE estimates. The changes in this parameter affects the PV

module performance, i.e., an increment on the degradation leads to higher perfor-

mance losses and consequently to a reduction on the energy yield [38]. Nevertheless,

the typical values considered for this rate are low (around0.5%annual), thus its impact

is lower compared to the other parameters.

Figure 14: Results of the sensitivity analysis for economic parameters in each study area.
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The lifetime shows a reciprocal relation with the LCOE, meaning that longer life-

time decreases generation costs. The results show that a variation of ±20% in the base

case lifetime can produce a deviation close to ±7% in the LCOE respect to the initial

estimates (Figure 14). This suggests that an extension of 1 year in the expected lifetime

of PV modules can reduce on 0.17 USD cents/kWh the generation costs. This is

explained by the fact that the changes in the lifetime of the PV systems affect the

amortization time of the investment costs [38].

6 Conclusions

The present study provides a comprehensive assessment of the potential of rooftop

solar PV in high populated cities of Ecuador’s mainland and the Galapagos Islands,

using gridded satellite-derived solar resource data and readily available GIS datasets.

Based on the assumptions explained in this work, the results show that Quito,

Guayaquil and Cuenca have a total rooftop PV potential of 16.81 ± 3.36 TWh/a, while

the inhabited islands of Galapagos have a potential of 135.00 ± 27.00 GWh/a. These

results suggest that the estimated rooftop PV potential could cover the electricity

consumption recorded in 2019, even if only half of it is exploited. Due to the high levels

of radiation and low seasonal variability seen in the study areas, the solar resource

could be exploited throughout the year. Nevertheless, the comparison between the

estimated hourly PV generation and the typical hourly demand profile for residential

and commercial users indicates that the peak demand occurs outside the period of

maximum PV power output. Therefore, to exploit the estimated technical potential,

it is necessary to use storage systems or on-grid connections to feed surplus into

the grid.

The results from the financial scenario analysis reveal that rooftop PV technology

is cost-competitive in all study areas only under the low scenario, which considers

optimistic initial investment costs and a lowdiscount rate. However, under themedium

andhigh scenarios the PV generation cost estimated in terms of LCOE is higher than the

reference electricity tariffs for residential users. This is mainly due to subsidies for

electricity generation in Ecuador, which are reflected in lower electricity prices for end-

users. Nevertheless, the current Ecuadorian regulatory framework of distributed gen-

eration for self-consumption includes a net energy metering scheme, which provides

an economic incentive to promote rooftop PV installations in residential, commercial

and industrial sectors. Besides, according to the sensitivity analysis, the capital

expenditures and discount rate are the most influential parameters for the LCOE;

therefore, the establishment of strategies to create cost-competitive conditions, such as

tax exemptions to reduce investment costs, could foster the end-user’s attractiveness of

implementing rooftop PV systems.
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The insights gained from this work will be of interest for local authorities and

other decision makers to design policies and financing strategies to increase the

penetration of rooftop PV and displace fossil fuel power generation. The described

methodology can be used to assess the potential in other Ecuadorian regions and

thereby support a sustainable energy transition in the country. Further research

might explore in more detail the technical potential of the urban zones with high

rooftop density identified in this study. For instance, the use of high-resolution

building data and shading evaluation methods would help in reducing the un-

certainties in the calculations.
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Appendix A

Table A: Main input parameters for the SAPM model of the selected PV module (SunPower SPR 

BLK-U). Source: ref. [].

Parameter Unit Value Parameter Unit Value

Vintage –  Ix – .

Material – Mono-c-Si Ixx


– .

Area m
. αIsc – .

Cells in series –  αImp – −.

Iso A . βVoc


– −.

Voc V . βVmp
– −.

Imp A . mβVoc
– 

Vmp V . mβVmp


– 

Rooftop photovoltaic potential in multiple cities of Ecuador 27



T
a
b
le
B

:
O
ve
rv
ie
w
o
fm

a
in

p
a
ra
m
e
te
rs

fo
r
th
e
e
co
n
o
m
ic
a
ss
e
ss
m
e
n
t
o
fr
o
o
ft
o
p
P
V
sy
st
e
m
s
u
se
d
in

re
ce
n
t
st
u
d
ie
s
re
g
a
rd
in
g
P
V
a
ss
e
ss
m
e
n
t
in

d
if
fe
re
n
t
re
g
io
n
s

o
f
E
cu
a
d
o
r.

A
u
th
o
r,
Y
e
a
r

R
e
g
io
n

C
a
p
a
ci
ty

[k
W
p
]

T
y
p
e

C
A
P
E
X

[U
S
D
/k
W
p
]

O
P
E
X

[U
S
D
/k
W
p
]

D
is
co
u
n
t
ra
te

[%
]

Li
fe
ti
m
e

[y
e
a
rs
]

R
e
fe
re
n
ce

B
e
n
a
lc
a
za
r
e
t
a
l.
,





Q
u
it
o


S
in
g
le

sy
st
e
m







.
–

%

o
f

C
A
P
E
X


.





[

]















B
e
rm

e
o
e
t
a
l.
,





A
zo
g
u
e
s



.

S
in
g
le

sy
st
e
m






–

.





[

]

B
a
rr
a
g
á
n
e
t
a
l.
,





C
u
e
n
ca




,



A
g
g
re
g
a
te
d
a
t
a
ci
ty

le
ve
l








.



.





[

]

D
á
vi
la

a
n
d
va
ll
e
jo
,





Q
u
it
o




,



A
g
g
re
g
a
te
d
a
t
a
ci
ty

le
ve
l




a

–


.





[

]

Tr
e
jo
,





Ib
a
rr
a


.


S
in
g
le

sy
st
e
m





b



.





[

]

a
Th

is
va
lu
e
w
a
s
n
o
t
co
n
si
d
e
re
d
fo
r
th
e
se
le
ct
io
n
b
e
ca
u
se

a
cc
o
rd
in
g
to

re
f.
[

]
it
re
p
re
se
n
ts

a
n
h
yp

o
th
e
ti
ca
l
sc
e
n
a
ri
o
,b
th
is

va
lu
e
w
a
s
n
o
t
co
n
si
d
e
re
d
fo
r
th
e
se
le
ct
io
n
b
e
ca
u
se

th
e

ca
lc
u
la
ti
o
n
s
u
se
s
p
ri
ce
s
o
f
fl
e
xi
b
le

P
V
m
o
d
u
le
s
[

],
w
h
ic
h
a
re

m
o
re

e
xp

e
n
si
ve

co
m
p
a
re
d
to

th
e
m
o
d
u
le
s
u
se
d
in

o
u
r
st
u
d
y.

A
p
p
e
n
d
ix

B

28 M. Tapia et al.



Appendix C

Figure C.1: Comparison of the estimated annual energy yield under the base case assumptions and

electricity consumption in urban and rural parishes of Quito disaggregated by consumption groups

(residential, commercial, industrial and others).

Source: Own calculations and consumption statistics in 2019 taken from ref. [45].
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Figure C.2: Comparison of the estimated annual energy yield under the base case assumptions and

electricity consumption in urban and rural parishes of Guayaquil disaggregated by consumption

groups (residential, commercial, industrial and others).

Source: Own calculations and consumption statistics in 2019 taken from ref. [45].

Figure C.3: Comparison of the estimated annual energy yield under the base case assumptions and

electricity consumption in urban and rural parishes of Cuenca disaggregated by consumption groups

(residential, commercial, industrial and others).

Source: Own calculations and consumption statistics in 2019 taken from ref. [45].
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Appendix D

Figure C.4: Comparison of the estimated annual energy yield under the base case assumptions and

electricity consumption in parishes of the Galapagos Islands disaggregated by consumption groups

(residential, commercial, industrial and others).

Source: Own calculations and consumption statistics in 2019 taken from ref. [45].

Figure D.1: Long-term hourly averages of solar irradiance components from 1998 to 2018 in Quito.

Data retrieved from the NSRDB.
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