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Abstract

:

Previous research has assessed the potential of solar energy against possible demand; however, the sustainability issues associated with the use of large-scale photovoltaic deployment in urban areas have not been jointly established. In this paper, the impact of photovoltaic energy in the total urban energy mix is estimated using a series of indicators that consider the economic, environmental and social dimensions. These indicators have been previously applied at the country level; the main contribution of this research is applying them at the urban level to the city of Cuenca, Ecuador. Cuenca is close to the equatorial line and at a high altitude, enabling this area to reach the maximum self-supply index because of the high irradiation levels and reduced demand. The solar potential was estimated using a simple methodology that applies several indexes that were proven reliable in a local context considering this particular sun path. The results demonstrate that the solar potential can meet the electric power demand of this city, and only the indicator related to employment is positive and substantially affected. The indicators related to the price of energy, emissions and fossil fuel dependency do not change significantly, unless a fuel-to-electricity transport system conversions take place.
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1. Introduction


Currently, cities are responsible for 75% of the total carbon dioxide emissions, which are the primary cause of global warming [1]. The energy demand of urban environments can be reduced or substantially met through the application of energy-efficient measures and renewable technologies [2,3]. Furthermore, since these measures can achieve energy independence and democratization for countries in terms of their import needs, the aggressive use of renewable energies (REs) can reduce emissions, create jobs and increase the gross domestic product [4]. Different possibilities for urban energy self-generation have been analyzed [5].



In recent years, the urban insertion of renewable energy production has resulted from the adoption of public policies, municipal incentives and the adoption of strategies at different scales and met relative success depending on local conditions [3,6]. Photovoltaics (PVs) present the greatest economic, social and environmental development opportunity and are considered the fastest growing technology [7]. Mainly large-scale solar farms have been developed, which occupy large plots of land and potentially impinge upon nature and food production [8,9].



Compared with distributed solar thermal (ST), PV electric power surpluses are more readily exported, which is primarily because heat storage from ST is complex, and considerable waste is produced when it is not used immediately. Wind technology for urban integration is not yet adaptable; urban development interferes with wind technology effectiveness through air current barriers. Moreover, wind technology, which includes moving parts and produces vibrations, is aesthetically questionable, acoustically contaminating, and visually distracting [10]. Geothermal energy requires a large ground area and is difficult to apply in populated spaces. Other urban technologies take advantage of waste and reduce the need for landfills; however, their conversion to useful energy may not be efficient and could cause environmental issues, such as greenhouse gas emissions [11].



Resources available in cities can be used to produce energy, however, the global impact of urban insertion has not been properly assessed. Therefore, employing sustainability indicators is important for evaluating the impact of the substantial insertion of PV systems into a city from an integrated energy perspective.



1.1. Photovoltaic Potential in Cities


Several methodologies have been developed to estimate the available and usable irradiation in urban areas [12]; moreover, multiple strategies have been developed to evaluate the ability of PVs to operate in a built environment [13,14]. Three-dimensional (3D) analyses have evolved to a state where they can be used to evaluate urban solar potential. Using 3D analysis methods, the effects of shadows and the surface layout of facades and roofs can be included [15,16], along with the urban density and surface orientation [17]. However, extensive human and computational resources are required to process geometrical information [16]. These methodologies require substantial resources for redrawing, including two-dimensional (2D) and 3D building surveys, aerial data processing and data discrimination, which are costly. The ground floor building occupancy of many municipalities is stored as vector data in databases and used as a tool for urban planning.



The energy that PVs can provide is closely related to the space available for their placement. Their orientation and potential shadowing are factors that can impact their effectiveness, and the location is relevant because buildings near the equatorial line receive irradiation on almost all roof surfaces. Additionally, at high latitudes, the irradiation on facades is more important.



The International Energy Agency (IEA) predicts that by 2050, PV installations integrated into buildings could supply 32% of urban consumption and 17% of the total power demand (IEA, 2014). In New York, PVs have the potential to generate economic benefits by avoiding distribution and transmission losses (Byrne, Taminiau, Kim, Seo, & Lee, 2015); moreover, they provide additional benefits related to the environment and health.



However, in the analyzed cases of large-scale urban PV deployment, the impact of PVs on total demand (not only electrical) was not determined. Table 1 lists the research assessing the urban PV potential. Although the methodologies and objectives in the studies varied, they showed that up to 100% of the demand can be supplied; however, achieving that potential energy supply depends on the consumption, endogenous resources and network conditions.



As noted, many studies worldwide have calculated the PV potential using techniques that are often applicable under local conditions (climate, urban topology, latitude, energy demand, the shape of the building) [27]. PV technology incorporated in urban areas contrasts with different building design aspects that prevent optimal solar availability. The PV potential is closely linked to the space available for the placement of PV panels. The orientation, slope and presence of shadows are other factors influencing the optimal capture of solar energy. Buildings near the equatorial line have the majority of the uptake on roofs; by contrast, in Mediterranean areas up to high latitudes, the facades are more propitious. Several characteristics of a city’s physical location can be exploited to generate more suitable estimates for a specific location. Compared with recent studies, our proposal suggests that solar potential and the incidence of such energy systems should also be measured with sustainability indicators, which are generally applied at the regional or national level.




1.2. Sustainability Energy Indicators in Cities


The incorporation of PVs in a city is evaluated via indicators that allow us to compare the presence and status of public building policies aimed at promoting urban REs. The indicators are formulated according to the measurement requirements. The extrapolation of indicators used at the national and regional scales to urban areas is proposed because indicators that measure urban RE performance have not been defined [28,29,30].



The indicators applied in this study evaluate sustainability by modifying the energy matrix. The Organization for Economic Cooperation and Development (OECD) and the IEA [31] describe 30 indicators that can be used to analyze the energy situation in a country. Within this base, the Economic Commission for Latin America and the Caribbean (ECLAC), the Latin American Energy Organization (Organización Latinoamericana de Energía, OLADE) and the German Organization for Technical Cooperation (GTZ) [32] identified 8 sustainability indicators for Latin America.



Another study identified 29 indicators for the energy sector, including energy, social, economic and environmental factors [33].



The indicators applied to a given situation should be formulated based on the available information [31]. Indicators that use variables without synergy with other variables are preferred, i.e., indicators whose variables remain constant under variations in other variables.



In the literature, indicators capable of evaluating the variations in an urban energy model using REs were not detected. However, various reports have proposed indicators that measure the energy structure in countries that could be extrapolated. In Table 2, the indicators that measure proposed sustainability in cities are shown along with citations.




1.3. Case Study


Cuenca city is located in the Andes mountain range near the equatorial line. The city is located between the geographical coordinates of 2°30′ and 3°10′ south latitude and 78°51′ and 79°40′ west longitude and at an average elevation of 2600 masl [34] (Figure 1). Approximately 2.28% (73 km2) of its area (3190 km2) is considered urban according to municipal legislation.




1.4. Irradiation Availability


The irradiation in Cuenca averages 4.19 kWh/m2/day on a horizontal surface [37] (Figure 2). According to the scale proposed by Koo et al. [27], the city of Cuenca provides suitable solar resources for PV use. The maximum values occur in January, October, November and December. A reduction occurs between June and July since the region is located slightly south of the equator, and the reduction mostly arises from variations in cloudiness.




1.5. Electrical Demand


The South-Central Regional Electric Company provides urban services to the city [38]. The combination of electricity sources in Ecuador includes hydroelectric power (49%) and thermoelectric power (47%), with small amounts of wind, PV and biomass energy [39].



In 2015, the required electric service was 423.80 GWh (262.38 kBOE). The per capita consumption was approximately 3.89 GJ/inhabitant/year (1082.11 kWh/inhabitant/year) [38]. The residential sector was the largest consumer at 39%, followed by the industrial (23.59%) and commercial (22.72%) sectors.



The total energy demand from different sources is shown in Table 3. Consumption is strongly influenced by transportation, which accounts for 60%, followed by industry, housing and commerce at 20.76%, 13.72% and 3.15%, respectively. The primary sources are fossil fuel gasoline (GA) at 36.25%, diesel (DI) at 29.05%, liquefied petroleum gas (LPG) at 14.81%, oil fuel (OF) at 8.04% and natural gas (NG) at 2.19%, whereas electricity contributes approximately 9%. Although no precedents have been presented for an actual urban energy mix in Ecuador, the energy situation of the city of Cuenca is presented in Table 3 and proportionally is very close to the national consumption mix. [40].



In Figure 3, the information presented in Table 3 is shown in a Sankey diagram of the baseline situation in the city of Cuenca. Based on the model proposed by Barragán and Terrados [41], Figure 4 indicates the current urban model.





2. Methodology


To evaluate the urban solar potential in Cuenca, the potential roof exposure is analyzed at a latitude near the equator (2°54′ south). Under typical conditions, the irradiation exposure would be maximized by orienting the PVs towards the north at a very low slope. However, the results of a previous study showed that the ideal arrangement for production is towards the east because of the direct exposure to the sun and because cloudiness is statistically lower early in the morning [42]. By placing PVs at a typical roof inclination, the difference in annual production is only 7% below the optimal (east) to the least suitable (south) level, and the other orientations are between that [43]. This difference is marginal and implies that any direction of PV inclination is suitable for energy generation.



2.1. Technical Potential


The annual solar technical potential is established via Equation (1), as follows [28,44,45,46]:


P=AFV·I·Fr·ηr



(1)




where

	
P is the technical potential in kWh/year;



	
AFV is the available area for placement on the roofs in m2;



	
I is the average annual global irradiation in kWh/m2;



	
Fr is the correction for architectural availability; and



	
ηr is the PV conversion for technological efficiency.








Fr is the reduction factor for restrictions in PV placement based on architectural availability or solar resources. The reduction factors (ηr) are included because not all irradiation is converted into electricity, with conversion depending on the installation’s PV efficiency and inverters as well as dirt and environmental conditions, which can affect the temperature of the cells and their corresponding efficiency [47,48]. Romero et al. [45] developed a set of reduction factors based on an extensive literature review, and they are used in this study as shown in Equation (2):


Fr=Ccon×Cprot×Cso×Cor×Cin×CSM×CFV×CST,



(2)




where

	
Ccon represents the construction restrictions;



	
Cprot represents restrictions from historic buildings



	
Cso represents restrictions due to shadows;



	
Cor represents restrictions due to orientation;



	
Cin represents restrictions due to inclination;



	
CSM represents the available spacing for the separation and maintenance paths of PVs in terraces;



	
CFV represents the availability for PV placement; and



	
CST represents the availability for the placement of solar collectors.








Regarding the reduction factors for technical potential, Romero et al. [45] also included the factors that intervene in the conversion of irradiation to PV electricity. Equation (3) is used to calculate this reduction as follows:


ηr=ηef×ηte×ηor×ηin,



(3)




where

	
ηr represents the reduction factor of the solar potential;



	
ηef represents PV efficiency;



	
ηte represents the losses from weather conditions (temperature and irradiation);



	
ηor represents losses from the angle of solar incidence; and



	
ηin represents losses in the network and installation during maintenance and from dirt.









2.2. Calculation of the Energy Sustainability Indicators


The indicators shown in Table 2 are obtained from the energy balance of the city and the socioeconomic data available for Ecuador.



2.2.1. Energy Autarchy


Autarchy measures the contribution of imports to the energy supply [32], and it is also defined as the degree of energy dependency since it correlates imports to the gross energy supply [29,49]. Equation (4) is used to calculate the weight of energy imports as follows:


AE=∑imIEp+∑inIEsOE



(4)




where

	
AE represents the autarchy (%);



	
IEp represents the primary energy imports (BOE);



	
IEs represents the secondary energy imports (BOE);



	
n represents the number of primary energy imports;



	
m represents the number of secondary energy imports; and



	
OE represents the total gross energy supply (primary energy imports + secondary energy imports – primary energy exports – secondary energy exports + inventory variation – unused primary and secondary energy – secondary energy production) [44] (BOE).









2.2.2. Energy Price


The energy price (as expressed in Equation (5)) is obtained from the production costs plus profits (Ut) and taxes (Im) as follows:


PEj=Ce∗(1+Ut)∗(1+Im),



(5)




where

	
PEj is the price of energy resource j (USD/BOE);



	
Ce is the energy production cost (Cpb biofuel, Cel electricity or Cc heat) during its useful life (USD/BOE);



	
Ut is the business profit (%); and



	
Im corresponds to taxes imposed by the government (%).








The generation cost during the useful life is the average unitary cost in USD/kWh that should be paid for each unit produced to compensate for all the costs associated with the installation during its entire useful life and considering the monetary value each instant [50,51]. Using Equation (6), this cost is calculated as follows:


Ce=∑t[CI+O&Mt]·(1+r)−t∑t[Enet·(1+r)−t]



(6)




where

	
Ce is the energy production cost during the useful life of the system (USD/kWh);



	
Inv is the investment in the current year (including interest during construction and all supplementary elements and infrastructure) (USD/kWh);



	
O&Mt is the operation and maintenance cost in year t (USD/kWh);



	
r is the discount rate;



	
Enet is the energy produced in year t (kWh); and



	
t is the number of years of plant operation.








Using Equation (7), the influence of the plant size on costs is avoided since there are discrepancies caused by economies of scale as follows:


CT1/CT2=(S1/S2)p,



(7)




where

	
CT1 and CT2 are the costs of the plants for sizes S1 and S2, respectively [52,53]; and



	
p is the growth factor, which depends on the type of process.









2.2.3. Average Energy Price to the Final Consumer


According to Garcia et al. [33], the average energy prices are calculated using Equation (8) as follows:


PME=∑j=1m∑k=1nPEjk∗Ejk∑j=1m∑k=1mEjk



(8)




where

	
PME is the average energy price (USD/BOE);



	
PEjk is the price of energy resource k in sector j (USD/BOE);



	
Ejk is the amount of energy from resource k in sector j (BOE);



	
M is the number of consumer sectors; and



	
n is the number of energy resources required in the city.









2.2.4. The Proportion of Total Energy Consumption Provided by REs


The next indicator is the participation or contribution of REs to the urban energy matrix. Equation (9) is used to determine this indicator as follows [54]:


UR=∑imERiOE



(9)




where

	
UR is the participation of REs in the total supply (%);



	
ERi is the supply of renewable energy i (BOE);



	
OE is the total gross supply of energy (BOE); and



	
m is the number of RE technologies.









2.2.5. REs in the Electric Supply


The indicator for the participation of REs in electrical production [30,33] is calculated by Equation (10) as follows:


URe=∑imEReiOEe



(10)




where

	
URe is the participation of the RE in electric power generation (BOE);



	
ERe is the production of RE electricity with technology i (BOE);



	
OEe is the total electric production in (BOE); and



	
m is the number of RE technologies.









2.2.6. Purity Relative to the Use of Energy


The indicator relates CO2 emissions to energy consumption [30,49]. Using Equation (11), the indicator PRe is obtained as follows:


PRe=CEC∑imDEi



(11)




where

	
PRe is the purity of the energy (ton CO2/BOE);



	
CEC is the quantity of carbon dioxide emissions related to the energy demand (ton CO2);



	
DE is the total energy demand (BOE); and



	
m is the energy resources required in the city.








The emissions related to demand (CEC) [55,56] are estimated via Equation (12) as follows:


CEC=∑i∑j∑nALn,j,i×EIn,j,i×EFn,j,i



(12)




where

	
ALn,j,i is the activity level related to fuel type n, equipment j and sector i;



	
EIn,j,i is the energy consumption related to fuel type n, equipment j and sector i; and



	
EFn,j,i is the emissions factor related to fuel type n, equipment j and sector i.








The emissions factors are those suggested by the Intergovernmental Panel on Climate Change (IPCC) [56].




2.2.7. Employment


The next indicator is used to compare the number of jobs related to the energy source, and it is estimated using Equation (13) as follows:


Em=∑imDi∗Iei



(13)




where

	
Em is jobs per year used by the energy industry;



	
Di is the energy resource demand i (BOE or GWh); and



	
Iei is the job factor of the energy resource i (jobs–year/BOE or jobs-year/GWh).








Wei et al. [57] established two indicators to calculate the number of jobs based on energy power for the following stages: (i) construction, installation and manufacturing (CIM) and (ii) operation and maintenance (OM).



Knowing the number of jobs created in a reference facility of a determined power (MW) for CIM and OM, these indicators are obtained for a plant if the useful life and plant factor are known using Equations (14) and (15) as follows:


CIM=CIMI∗NIPI



(14)




where

	
CIMI is the number of people required for the construction, installation and manufacturing of a reference plant [people-year];



	
NI is the number of years used for the CIM of the reference facility (years);



	
PI is the power capacity of the reference facility (MW); and



	
CIM is the personnel required for the construction of the reference infrastructure MW during NI years (people-year/MW).








Using Equation (15), the number of OM jobs can be obtained for the construction of a reference installation MW over one year (in jobs/MW) as follows:


OM=OMIPI



(15)




where

	
OMI is the number of jobs required for the operation and maintenance of a reference installation in a year (jobs-year); and



	
PI is the power capacity of the reference facility (MW).








The previous terms also apply to Equation (16) as follows:


Ie=[CIMt+OM]×10008760∗Fp



(16)




where,

	
Ie is the job indicator for renewable technology (total jobs-year/GWh);



	
t is the useful life of renewable technology (years); and



	
Fp is the plant factor of renewable technology.









2.2.8. Normalization of the Indicators


Normalization is used to standardize the effects of different units derived from the indicators. The linear scaling method for normalization has been used in various studies [29,49,54] to transform units to an interval between 0 and 1 [58]. The greatest sustainability performance is achieved when the indicator has a value of 1.



Using Equation (17), scaling is performed as follows:


y=x−xminxmax−xmin



(17)




where

	
y is the standardization index;



	
x is the current value of the indicator;



	
xmin is the minimum value of the proposed scale; and



	
xmax is the maximum value of the proposed scale.








The proposed scales are determined based on criteria that can be arbitrary; moreover, they are related to the indicators’ range [29]. For this study, the scales described in Table 4 are applied.






3. Results


3.1. PV Potential


Many sizing methodologies are based on municipal information, which is dependent on existing data and their accuracy [59]. Several studies use the ratio of the roof area to the ground floor area as a baseline indicator [60,61] in circumstances where sloping roofs and eaves prevail, which is common in Cuenca. The density in Cuenca is much lower than that in some other locations, such as in the Dutch case [62], where the occupancy and shadows are consistent; or the Korean case, where the facades must be included to achieve significant production [63]. Based on city cadasters, a construction occupancy of approximately 13.79 km2 [64] is defined as the ground floor area, which corresponds to 166,630 of the cadastral units. Therefore, after applying the roof-to-ground-floor ratio of 1.2, the estimated roof area is 16.56 km2, which corresponds to 22.64% of the urban area.



3.1.1. Reduction Factors Caused by Architectural Availability


The construction constraint (Ccon) is considered to be 0.8 for flat roofs and 0.9 for sloped roofs. To estimate the solar potential, an average of 0.85 is used in this study [45]. To increase the accuracy, future studies should obtain more precise indicators of the proportions of flat and sloped roofs; however, such precision would require extensive statistical work and data collection. Of the total area in Cuenca, 2.14 km2 is a historic area [65], and because of the architectural connotation, such areas are not considered suitable for PV application. Historic areas correspond to 2.93% of the urban area, with Cprot = 0.97.



Considering the restrictions due to the shadow effect, Romero and others [45] assume a Cso factor of 0.80 for sloped roofs and 0.7 for flat roofs. These data are conservative because the incidence of shadows may be reduced due to the sun path in this region. Therefore, an average of 0.75 is assumed, considering that both types of roofs are installed. In addition, the urban density is low [66], and solar exposure at a high altitude implies that the shadow incidence is lower in equatorial latitudes [67]. Finally, because of the lack of other restrictions on the placement of PVs, CFV is considered to be one.



To determine the restrictions caused by the orientation Cor and inclination Cin, the system advisor model (SAM) developed by the National Renewable Energy Laboratory is applied [68]. Changes in the irradiation at different inclinations and orientation angles are identified. The average annual irradiation is obtained for each azimuth (0–315°) from the average daily and monthly values (Figure 5). In Figure 6, the average annual irradiation values for different inclination angles (0–30°) are shown.



The average annual irradiation on a horizontal surface in the city is 1528.51 kWh/m2. Comparing the minimum and maximum irradiation values when the orientation varies, a 3 to 4% variation is observed under the different orientations of the PV panels. Adopting the most critical case, Cor = 0.96 is used. When analyzing the inclination, a difference of up to 10% is observed between the maximum and minimum irradiation values. Similarly, the most critical case, Cin = 0.90, is adopted for restrictions from the inclination.



The distance required to avoid shadows between the PVs and their maintenance paths is calculated with the methodology suggested by Byrne et al. [59]. The ground coverage ratio (GCR) is calculated using Equation (19) as follows:


GCR=cd=(cos(β)+ba∗sen(β))−1



(18)




where (Figure 7)

	
b is the space between rows;



	
a is the vertical distance;



	
β is the inclination angle of the panel;



	
c is the width of the PV panel; and



	
d is the distance between rows.








In practice, the ratio of b/a is expected to be 2:1 in low latitude regions and 3:1 in midlatitude regions [69]. The irradiation at the study site would be at a maximum with a nearly horizontal inclination. However, pluvial cleaning is an important factor when considering inclination, and dirt accumulations are usually maintained at under 1% in areas with constant rainfall, such as Cuenca [70,71]. In Table 5, different ground coverage coefficients for different angles are provided to determine the service area for access and maintenance (CSM). At smaller angles, a specific spacing area must be provided, whereas, for greater angles, the spacing required to avoid losses can be used as the service area. Byrne et al. [59] proposed a spacing of 20% when the inclination angle is minimal and a linear reduction to 0% for a 30° inclination.



According to Table 5, for regions with a low latitude ratio of 2:1 and a 10° inclination, the restrictions for the separation of panels (GCR) and the area for accessibility and maintenance (CSM) are 0.62 for flat roofs [59,69] and 1 for sloped roofs. For this study, the average value of 0.81 is used.



The area intended for solar collectors is calculated using Equation (19) as follows [72,73]:


Eth=Ast×I×ηth



(19)




where

	
Eth is the energy required for water heating in kWh/year;



	
Ast is the surface area in m2;



	
I is the average irradiation in kWh/m2/year considering different inclinations (0–30°) and orientations (0–315° in relation to the azimuth) (1472.72 kWh/m2/year); and



	
ηth is the solar collector efficiency.








The hot water consumption for an average household (four inhabitants in Cuenca) is 2065.70 kWh/year. Based on the average local irradiation and 65% efficiency, the required surface is 2.16 m2/home. Based on an additional area of 20% for maintenance, the total required area for 107,598 households will be 0.27 km2 (0.39% of Cuenca’s area). Therefore, the required coefficient for the solar collector systems is CST = 0.99.



Table 6 summarizes all the described reduction factors used for the calculation of the available area.




3.1.2. Solar Potential Reduction Indexes


Khan and Arsalan and Pelland and Poissant [74,75] proposed an efficiency of 12%, whereas Orehounig and colleagues [76] used a value of 23%. For this study, ηef = 0.18 is considered. Although losses from weather are important, they are not locally applicable; however, the SAM simulation and irradiation statistics consider cloudiness from climate records. Therefore, ηte = 0.90 is used, which is taken from the literature [45,46]. Losses from the incidence of solar radiation on the panels are 0.95 for nonoriented surfaces and 1 for oriented surfaces. The average value ηor = 0.97 is applied for all orientations. Considering the losses from reflection, dust, dirt or connections, 0.84 is assumed, as proposed by Bergamasco and Asinari [46]. Table 7 presents a summary of the proposed factors.




3.1.3. PV Solar Potential


Equation (1) is used to calculate the solar potential for the urban city of Cuenca. The reduction coefficient for the conditions of PV occupancy is 0.43. In Table 8, the results for the estimated roof area and the reduction factors are summarized. A theoretical potential of 1454.90 GWh/year is expected for all the roofs registered by the municipality up to 2015.



In 2015, the electric power required to meet the demand of the urban area in Cuenca city was 455.70 GWh (262.39 kBOE). The overall potential of integrated PVs is to supply 3.19 times the electric power demand for the base year. The total power of the PV plant would be 314.27 MW, with a plant factor of 16.55% (1450 h). These values are a quick estimate to obtain a probable magnitude under conservative scenarios for applying the loss coefficients.



Table 9 includes this potential in the energy balance of the city of Cuenca. In this case, all the electricity is provided by the PVs. However, considering the demand, only 9% of all urban energy consumption will be satisfied because energy consumption is dominated by transportation fuel needs.



In Figure 8, the Sankey diagram corresponding to Table 9 is shown. The solar photovoltaic use is represented as a photovoltaic plant. Losses correspond to solar energy that is not used due to the efficiency of the panels. Under this approach, the urban energy model indicated in Figure 4 is modified as shown in Figure 9 [41]. In this case, there is a new paradigm, because it is assumed that energy can be produced within the limits of the city. Now, using the indicators defined in the previous section, the impact of including PV energy in the city is determined.





3.2. Sustainability Indicators


3.2.1. Energy Autarchy


Using energy autarchy (Equation (4)), the degree of dependence on energy imports is assessed. In Table 10, the information required for the calculation of the indicator and the standardized autarchy AEn are shown. In this case, the intensive use of PV panels (ES1) enables a 100% energy self-sufficiency for the electric power requirement and a standardized autarchy of 10.28%.




3.2.2. Price


The investment in PV systems is calculated with Equation (5) and shown in Table 11. In Table 12, the cost (Ce) of electricity, calculated using Equation (6), is shown. The investment cost of the PV systems is obtained using the operating cost, a 1.2% financing rate on investment [77] and a discount rate of 10%, which indicates a high risk as proposed by the IEA/NEA (2015).



The price of electricity and the standardized indicator (PEn) are calculated from Equations (8) and (17) (Table 13). For all energy resources, the profit (Ut) increases by 15%. For fossil fuels, the profit increases by 12% due to the value-added tax (VAT Ecuador). In the case of electricity, the VAT is 0%.



The price of energy resources including fossil fuels and electricity in Ecuador are identified in Table 14 (baseline scenario ES0).




3.2.3. Average Price of Energy to the Final Consumer


The average price of energy to the consumer is calculated via Equation (8). In Table 15, the prices (ΣPej*Ej), energy (Ej), average price (PME) and standardized average price (PMEn) are shown. The placement of PVs (ES1) affects the indicator because it is half the value of ES0.




3.2.4. The Use of REs in the Energy Supply


Equation (9) is used to calculate the indicator that measures the impact of including energy resources from PV systems (ES1) in the urban energy matrix. Table 16 shows the use of REs and the energy supply (OE, in Spanish).




3.2.5. The Use of REs in the Electric Power Supply


For the conventional production of electricity, Equation (10) is applied. Table 17 shows the production of electricity with REs (ERe), the electric power supply (OEe), the contribution of the RE (URe), and the standardized indicator (URen). When analyzing this indicator and the intensive use of PV, electricity requirements are considered.




3.2.6. Energy Purity


Table 18 shows the energy purity indicator (PRe) and the standardized indicator (PRen), which are calculated with Equations (11) and (17), respectively. The table shows the carbon dioxide emissions (CEC) derived from Equation (12) and the energy demand (DE). This indicator does not show improvement relative to the baseline case, and the sectors related to emissions are not affected by the inclusion of PVs at an urban level.



To evaluate the emissions produced by electric power generation, the emission factor of the Ecuadorian electrical sector (0.6945 t CO2/MWh = 1.12 t CO2/BOE) is considered [82]. In the baseline case, ES0, 0.317 kT CO2 is produced from the electrical sector, which is 0.03% of the total emissions in Cuenca. This finding indicates that the emissions from electric power generation are not significant when evaluating the energy purity indicator, and they are only relevant in the case of replacing fuel consumption within urban limits.




3.2.7. Employment


Regarding jobs from the energy sector, the job factors Ie are shown in Table 19. Jobs from conventional sources are shown in Table 20. In Table 21, estimates of the number of jobs (Em) are shown, and the standardized indicator (Emn) is calculated with Equations (16) and (17) for each scenario. Massive PVs would significantly increase the indicator (ES1).




3.2.8. Comparison of Energy Indicators for Cuenca


Standardized indicators are grouped to provide an overall evaluation for each scenario. In Figure 10, a summary of the previously presented results is shown. According to the graph, autarchy (AEn) is increased by including PVs, and the same result is obtained with the use of REs (URn) overall. The indicator measuring the use of electricity (URen) reaches 100%. In the baseline scenario (ES0), the indicator related to the average energy price (PMEn) slightly exceeds that of scenario ES1, in which the average price increases. Emissions remain uniform (PRen) since the use of fossil fuels within the city is unchanged. In the case of jobs (Emn), PV technology exhibits a significant impact, although PV production only replaces electricity.






4. Discussion


Compared with centralized REs (solar farms or wind farms occupying 45 km2/GWh and 72 km2/GWh, respectively) [87], renewable energy in cities reduces human intervention and pollution outside the city limits. Given the irregularity of some renewable resources, mismatched consumption-production strategies should be implemented and the storage capacity must be improved [88]. Large-scale RE within cities is a recent type of application. Consequently, it is necessary to identify its impacts prior to proposing policies for RE use. The goal of this research is to analyze the impact of a massive implementation of PVs in an urban area. The results show that even when the potential for RE can meet the demand for electricity, its influence on the urban energy matrix is marginal. The methodology used to estimate the potential provides a rapid evaluation of the approximate size of the urban PV potential using municipal data for cities with limited resources, such as those in developing countries. This methodology is better suited for an equatorial location, where the totality of the sloped roofs can be used considering that a sloped roof oriented to any direction irradiates evenly.



The calculated potential indicates that the availability of solar energy for the purpose of electricity production is close to three times higher than the demand for electricity. The studies mentioned in Table 1 presented positive results because of the seasonality, solar radiation and low building consumption for environmental conditioning. These results are comparable to the results of a more detailed study that used 3D roofing models and obtained the precise production demands at daily and monthly scales. However, the previous study corresponds to the commercial sector of the city, and it obtained a PV potential close to 150% of the demand [42]. In an industrial area with high consumption, the value decreases to 22% [89].



In Cuenca, solar resources stand out because of the absence of seasonal variations and the comparatively stable energy demand throughout the year, which reduces the required storage. Another feature is the minimal reduction in performance from the inclination and orientation of the PVs, and furthermore, the dispersed growth of the city increases the potential compared to more compact cities. Based on the total estimated area, approximately 42.25 m2 of roof area is available per inhabitant, whereas in Spain, this same proportion is only 13 m2 [27], and this difference is primarily because single-family homes are more popular in Cuenca. The estimated potential shows that the entire electricity demand can be met with PVs. However, a smart grid and some network adaptations are required to control the intermittencies of production and consumption [79]. Moreover, solar power represents a good complement to hydropower, which is the main source of the Ecuadorian electricity supply.



In most cities, the use and destination of the energy for consumption are unknown [90]. Although the energy requirements of cities are not fully known, the impact cannot be established by applying policies that propose a change in the urban energy model [3].



As has been done at the country level, it is necessary to determine the real impact of adding renewables into the urban energy mix. Most studies review the incidence of PV electricity production, but this research shows that a holistic analysis is essential to establish its real impact. The novelty of this study is that it proposes and measures the impact of electricity self-production using sustainability indicators.



Several international proposals promote renewables adoption in cities [2,5]. Despite this interest, methods for measuring the change in the urban energy model have not been established [3,91]. There are several urban indicators, including those that measure the management and use of energy, but few are directed to comprehensively evaluate the use of renewables within cities. Therefore, sustainable energy indicators that are usually used at the country or regional level and that are compatible with the proposal of this research were identified.



It is unlikely that a city will achieve total energy self-sufficiency by using only endogenous resources, at least in the short term. Although the importation of energy based on fossil resources does not diminish substantially, the average prices of energy are not substantially altered and may even increase markedly. This is evidenced by a reduction in the PMEn indicator.



The use of renewable energy will still require the import of energy, but it could replace 100% of the electricity requirement. This ability, however, does not alter the energy purity because the urban matrix is highly influenced by transport and fossil fuels. Despite this, the indicator that measures employment with the intensive use of PV solar energy is favoured. The urban energy matrix traditionally maximizes energy use based on fossil fuels. In the case of Cuenca, with the evaluated technology, this energy model has not been modified. Therefore, aside from renewable energies, there are other inescapable strategies that must be embraced (energy efficiency programs, passive strategies, or changes to consumer equipment, especially to electric transport). However, any proposal that seeks to change the way the city is projected must involve authorities, planners or citizens.



In Ecuador, the real price for the production and distribution of electricity is Pe = USD 0.09, and it is reduced to USD 0.04 after public subsidy. This price does not consider the cost of hydroelectric dams, whose construction has been subsidized by public investment. Because the costs of hydroelectric energy are highly subsidized and the production of photovoltaic energy must currently consider taxes on imported equipment, the latter becomes noncompetitive [79]. Compared to the estimated price, the PV cost is USD 0.12 per kWh, meaning that this source would not be feasible. For this reason, investments and energy costs are decisive factors [92]. However, considering future electricity growth, PV becomes more attractive because of the rapid price reduction. The use of PV systems also avoids the impact on natural resources; therefore, the subsidies previously applied to hydroelectric energy could be transferred to PVs or other energy alternatives.




5. Conclusions


The estimated potential, determined using information from the study area, requires a deeper analysis that includes technical, environmental, and economic aspects, which could be limiting factors to the extensive implementation of each technology. However, the results are an appropriate starting point. Reduction factors in the area of application represent the primary drawbacks that could affect the calculation of the PV potential using the proposed methodology. However, a deeper analysis is beyond the scope of this research because of the diverse roof characteristics, directionality, inclination, shadows, obstacles and city size, which must all be considered in areas where solar capture is possible. Nevertheless, the information used to obtain the indicators is useful for measuring the impact of PVs on the energy requirements of the city.



In Cuenca, PV technology would be more prevalent if there was a reduction in incoming energy flows, and the autarchy indicator could reach AEn = 10.28%. This result would impact the average price of electricity compared with the baseline scenario (PMEn = 48.27%) since the price increased with PV solar energy when the indicator value was reduced to 23.96%. As previously mentioned, substitution does not affect urban emission limits, since the use of fossil fuels is minimally altered. Furthermore, PV technology would increase EMn, which measures the employment rate (over 78% with respect to the baseline case). The indicator that measures the incidence of renewables (URn) in the energy matrix indicates that even with the massive provision of electricity via PVs (URen = 100%), the city would continue to depend on external resources for approximately 90% of its needs. Achieving the maximum self-sufficiency requires a change in transport systems from fuel to electrical transport systems and the maximization of electrical equipment in buildings.



The indicators used here have been applied to countries rather than cities since cities have not traditionally been considered a source of energy. However, due to current technology, the urban energy model can be changed based on the use of resources available to a city. The proposed indicators are useful at an urban scale because they can be used to assess the real impact of policies designed to decarbonize cities.



The main contribution of this study is a method for evaluating PV solar potential that does not require significant human or computational resources. However, this method may not be as useful or as accurate for other regions where the orientation and inclination of panels are more critical. Based on urban sustainability indicators, this study also evaluates the impact of electric power provision on the entire energy system. The results show that substituting electricity with renewable sources will not solve the urban energy problem. A complete and detailed evaluation is required to encourage the use of other REs in applications such as transportation and heating, and to promote the use of equipment that consumes electricity or nonfossil fuels.
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Figure 1. The geographic location of Cuenca Canton, urban area. Source: Based on information from INEC [35] and Jaramillo [36]. 
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Figure 2. The average daily irradiation. Source: Based on NREL [37]. 
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Figure 3. The Sankey diagram of the energy situation in Cuenca. 
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Figure 4. The current energy model of Cuenca. 
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Figure 5. The average irradiation for different orientations. 






Figure 5. The average irradiation for different orientations.



[image: Energies 12 00810 g005]







[image: Energies 12 00810 g006 550]





Figure 6. The average annual irradiation for different photovoltaics (PV) inclinations. 






Figure 6. The average annual irradiation for different photovoltaics (PV) inclinations.



[image: Energies 12 00810 g006]







[image: Energies 12 00810 g007 550]





Figure 7. The ground coverage coefficient. 
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Figure 8. The Sankey diagram of the energy situation of Cuenca after taking advantage of photovoltaic solar energy. 
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Figure 9. The current and suggested energy models (courtesy: WIT Press). 
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Figure 10. The comparison of sustainability energy indicators. 
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Table 1. The estimation of solar potential in cities.
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City

	
Potential

	
Demand

	
Reference

	
Objective






	
Ostfildern (Germany)

	
45.00%

	
10.70 GWh

	
[18]

	
Analyses the performance of renewable energies (REs) in urban environments.




	
Ludwigsword (Germany)

	
18.00%

	
430.00 GWh




	
Munich (Germany)

	
100.00%

	
20.00 kWh/m2

	
[19]

	
Evaluates PV energy potential according to the building design.




	
Wageningen (Netherlands)

	
50.00%

66.00%

	
45.00 kWh/m2 year

	
[20]

	
Investigates the self-supply potential with cities’ own energy resources.




	
Kerkrade (Netherlands)

	
18.00%

	
481.00 GWh

	
[21]

	
Provides a methodology to identify energy sources that can be used within the city.




	
Karlsruhe (Germany)

	
9.05% **

	
410.00 GWh

	
[22]

	
Uses a method that calculates the PV economic potential of roofs and facades.




	
Zernez (Switzerland)

	
64.00%

	
7.40 GWh/year

	
[23]

	
Provides a framework for optimal photovoltaic energy integration in a villa.




	
Cities of Nepal

	
100.00%

	
1228.00 GWh

	
[24]

	
Evaluates the feasibility of electric power production with PV panels to supply unmet demand.




	
Ludwigsburg (Germany)

	
65.00%

	
3.54 GWh

Panels located on roofs.

	
[25]

	
Calculates the potential of PVs to provide electricity based on a 3D model.




	
Dhaka (Bangladesh)

	
15.00%

	
773.41 GWh/year

	
[26]

	
Analyses the available roof area and models the energy system to determine the PV potential.
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Table 2. The sustainability energy indicators.






Table 2. The sustainability energy indicators.





	
Dimension

	
Indicator

	
Unit

	
Source






	
Economic

	
Autarchy

	
%

	
[32]




	
Energy price

	
USD/BOE *

	
[33]




	
Average energy price

	
USD/BOE

	
[33]




	
Environmental

	
Use of RE in energy supply

	
%

	
[32]




	
Use of RE in electricity supply

	
%

	
[33]




	
Energy purity

	
CO2/BOE

	
[32]




	
Social

	
Employment

	
Jobs-year

	
[31]








* Barrel of Oil Equivalent.
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