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A B S T R A C T   

Cities are responsible for more than three quarters of greenhouse gas emissions due to their intensive use of fossil 
resources. Hence, proposals to modify the current urban energy model have been established. The compre-
hensive inclusion of renewable energies in the urban area of the intermediate city of Cuenca will be analysed. In 
previous studies, it was established that five renewable technologies have the greatest opportunities for imple-
mentation in the city. Therefore, this research proposes a methodological approach to establish the impact of the 
inclusion of each of these technologies, and the Long-range Energy Alternative Planning (LEAP) model is used to 
establish the urban energy balance. Through the construction of scenarios and the evaluation of energy balances, 
it is concluded that it is possible to reduce the energy flows that enter the city by applying these five energy 
sources. The results indicate a self-supply potential of up to 33.9% of the total urban consumption; however, due 
to the type of local energy matrix, only 13% of this energy could be consumed under current conditions, and the 
remained would be surplus power. Photovoltaic (PV) technology has a significantly higher potential than the 
other technologies as it exceeds the electricity demand 3.19-fold. The conclusion is that the conversion of 
currently fuel-powered services to electrical power is necessary to maximize clean self-generation.   

1. Introduction 

Urban areas are the centre of the climate problem of the planet, but 
they also have the potential to achieve resilience [1]. To that end, it is 
strategic to implement the ability to self-supply using endogenous re-
sources coupled with energy efficiency measures [2]. Several options 
have been applied with relative success in developed countries [3] and 
should be expanded to developing countries [4–6]. Advances in tech-
nology and economies of scale are crucial to achieving economic 
viability [7–9]. Job creation is also a significant comparative advantage; 
the renewable energy (RE) sector shows a global growth of over 5% per 
year, and this growth is not observed in any other production sector [10, 
11]. Beyond that, renewable and non-renewable sources have a relative 
impact on land use and nature, as shown in the studies by Poggi, Firmino 
and Amado [12] on wind and solar power; by Lin Z, J Qi on hydro-
electricity [13]; and by Caldarelli & Gilio [14] on biomass. The goal is to 
promote circular urban metabolism (UM) and reduce reliance on 
external sources [15] of materials and food [16] and energy [17,18]. 

Hence, there is a need to obtain energy from urban resources based on 
their physical availability; options include biomass from pruning and 
combustion or gasification from organic waste present in wastewater 
[19]. The combination of several internal resources can produce the 
maximum energy supply and offers the possibility of supplementation 
with more time- and space-intensive energy sources as needed, which 
would reduce energy imports while taking advantage of problematic 
waste [20]. 

The UN General Assembly adopted the 2030 Agenda for Sustainable 
Development in September 2015. Member countries pledged to meet 
goals related to energy use, infrastructure creation and city maintenance 
under the focus of sustainability. In particular, the agenda aims to make 
cities more resilient to climate change while boosting the economy and 
reducing poverty [21]. Urban energy self-supply using RE is fully 
aligned with these requirements. Furthermore, the high population 
density in cities offers opportunities to achieve economies of scale and to 
promote plans focused on the efficient management of energy, transport 
facilities, wastewater or waste disposal [22]. Several investigations have 
proposed alternatives, which, although they are not short-term 
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Abbreviations, nomenclature and symbols 

Bio Biogas 
BOE Barrel of oil equivalent 
DHW Domestic hot water 
DI Diesel 
EE Electricity 
FO Fuel oil 
GA Gasoline 
GCR Ground coverage ratio 
IPCC Intergovernmental Panel on Climate Change 
kBOE Thousand barrel of oil equivalent 
LEAP Long-range Energy Alternative Planning 
LF Load factor 
LHV Lower heating value 
LPG Liquid propane gas 
MSW Municipal solid waste 
NG Natural gas 
PV Photovoltaic 
PVT Hybrid PV-thermal 
RE Renewable energy 
SA Service area 
SAM System advisor model 
SCB Baseline scenario 
SC1 Scenario 1 
SC2 Scenario 2 
SC3 Scenario 3 
SC4 Scenario 4 
SC5 Scenario 5 
SC6 Scenario 6 
SEI Stockholm Environment Institute 
UM Circular urban metabolism 
Ww Wastewater 

Unit definition 
gal Gallon 
GW Gigawatt 
GWh Gigawatt hour 
km Kilometre 
km2 Square kilometre 
kWh Kilowatt hour 
m Metre 
m3 Cubic metre 
MJ Mega joule 
GJ Giga joule 
MW Megawatt 
MWh Megawatt hour 
m3/s Cubic metre over second (flow rate) 

Symbol description 
a PV altitude as a consequence of slope 
Afv Area available for roof installation in m2 

Ast Area in m2 

b Space between PV rows 
Bo Maximum methane production capability in kg CH4/kg 

BOD 
BOD Biochemical oxygen demand per capita in kg BOD/person/ 

year 
β Inclination angle of the PV panel 
c Width of the PV panel 
Ca Thermal energy for water heating 
Cas Restrictions due to required access and maintenance areas 
Ccon Building restrictions 

CFV Availability for PV solar panel installation 
CGCR Restrictions due to the spacing between solar panels 
CH4 Methane 
CH4/year Annual amount of methane from wastewater in kg CH4 
Cin Restrictions due to the inclination of the surface 
Cmw CH4/C molecular weight ratio 
Cprot Restrictions due to historic and heritage buildings 
Cor Restrictions due to the orientation of the surface 
Csh Restrictions due to shade 
CST Availability for solar thermal panel installation 
d Distance between PV rows 
DOC Fraction of degradable organic carbon in raw waste, in kg 

C/kg waste 
DOCf Fraction of degradable organic carbon that decomposes 
DOCi Fraction of degradable organic carbon in type i waste 
ED Energy demand for solar thermal 
Eth Energy required for heating water in kWh/year 
FC CH4 correction factor 
FCH4 Fraction of CH4 in the landfill gas generated 
Fr Correction due architectural integrability 
g Acceleration due to gravity in m/s2 

GT Level of utilization of the treatment and/or discharge 
system 

Hb Gross height of natural waterfall 
Hn Net height of natural waterfall 
Hm3 Annual contribution flow of water in m3 

I Annual average solar radiation in kWh/m2 

IBOD Correction factor for BOD sent to the treatment system 
n Days of water heating 
Np Number of hydroelectric plants 
ηef Efficiency of the PV modules 
ηgenerator Efficiency of hydropower generator 
ηhi Efficiency of the mechanical and electrical infrastructure in 

% 
ηin Losses due to electrical installation and dirt 
ηor Losses due to the angle of incidence of the solar rays 
ηr Solar potential performance factors 
ηte Losses due to weather conditions (temperature and 

irradiation) 
ηth Solar thermal panel efficiency 
ηtransformer Efficiency of hydropower transformer 
ηturbine Efficiency of hydropower turbine 
OX Oxidation factor 
P Hydroelectric power in kW 
Ppv PV energy potential in kWh/year 
POP Population in persons 
Q Flow rate 
Q270 Equalled or exceeded flow in 270 days in m3/s 
Q90 Equalled or exceeded flow in 90 days in m3/s 
Qe Ecological flow (10% of the average flow) in m3/s 
Qeq Design flow rate through the turbine in m3/s 
Qm Average annual flow in m3/s 
Qmax Absolute maximum flow in m3/s 
Qmin Absolute minimum flow in m3/s 
Q (l) Flow rate of domestic hot water 
ρa Water density in 1000 kg/m3 

SL Organic component separated as mud in kg BOD/year 
Tnet Water temperature in the urban network 
Tuse Water temperature for DHW 
UP Fraction of the population according to income level 
Wa Amount of waste per capita in kg/person 
Wi Fraction of waste type i by waste category  
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practices, require further analysis in cities whose planning does not 
consider the decrease in the consumption of material resources or en-
ergy [20,23]. 

In recent years, several experiences with the urban insertion of RE 
production have resulted from the adoption of public policies, municipal 
incentives and specific and diverse scaling strategies. The successes 
achieved in all cases are relative and depend on local factors such as 
environmental conditions and available natural resources. 

Municipalities generally have autonomy in planning transportation, 
land, housing, water provision, or waste management but have little 
control over their energy supply [24,25]. The introduction of new 
technologies that allow decentralized production, taking advantage of 
the resources available within the city’s boundaries, makes it possible to 
reduce energy imports. However, the mere existence of the resource 
does not guarantee that it will be used, since technical conditions, as 
well as economic, environmental and social issues, take precedence over 
the development of this type of project [26]. 

This has led to considerations of energy planning in some munici-
palities in recent years [24,25,27]. This paradigm shift enables the city 
to take advantage of the resources available for energy production 
purposes. To achieve this, energy planning must be conceived not only 
at the national or regional level but also at the urban level and must 
maintain an adequate balance among the technical, social, economic 
and environmental dimensions. 

From this point forward, energy production must not be considered 
only on a regional scale; urban potential must also be considered. As in 
regional settings, RE in the city requires specifying criteria that allow the 
selection of the best options. The energy flow accounting method used at 
other levels can also be used to inventory urban energy. The main 
drawback to describing the city using this approach is the lack of local 
information; therefore, we propose this rapidly applicable method for 
obtaining estimations. 

Using results obtained in previous research [28], this article shows 
how to estimate the potential of five selected technologies in the city of 
Cuenca. It also shows how the energy balance in the city is modified 
once this potential is included. The characterization method used for 
countries and regions based on the energy balance and the Sankey di-
agram extrapolated to urban level is proposed as a main result. 

The change in the city’s energy model is determined by incorpo-
rating the estimation of RE potential. Using this approach, the city 
ceases to be only an importer of energy, and it is acknowledged that 
within limits, it is possible to generate some amount of energy that can 
replace energy imports. To evaluate the incorporation of this potential, 
scenarios were proposed; the results of these scenarios are expressed in 
energy balances and establish how the urban energy model changes 
when these potential sources of energy are included. In addition, seven 
urban sustainability energy indicators are considered, which 
strengthens the analysis of the scenarios and allows the results to be 
discussed. 

The city was characterized using the LEAP (Long-range Energy Al-
ternatives Planning System) energy model. Four sectors (residential, 
commercial, industrial and other) and their main subsectors represent 
approximate consumption demand and define the base situation. Then, 
six scenarios are considered; these scenarios represent the estimated RE 
potential of each of the five selected technologies individually and the 
overall results when all five are applied. Although the obtained results 
cannot be generalized, they present guidelines for revealing the most 
promising options and possibilities that should be further explored. In 
addition to showing ways to reduce a specific city’s energy imports, our 
study promotes the use of this type of analysis in other contexts. 

1.1. State of the art 

One of the challenges of the 21st century is to replace non-renewable 
energy resources with unconventional generation technologies. Na-
tional energy matrices have a high dependence on fossil resources or 

large infrastructures that are far from the consumption centres and are 
linked to environmental deterioration. 

Societies that depend on the import of these energy resources are 
vulnerable because they have less control over energy availability, in 
consequence over the local economy [20]. Furthermore, the ability of 
these societies to recover from external events is limited by their lack of 
internal resources. P�aez [23] analyses the situation of cities in Mexico 
and concludes that these cities are not prepared for a transition to 
alternative sources of energy due to a lack of social preparation, policies, 
plans, programs and human resources that makes it impossible to 
develop a post-oil energy agenda. 

Self-supply through renewable sources, such as solar PV, solar 
thermal or energy recovery from waste, among others, can promote a 
closed energy cycle in cities [29] to the extent that it replaces technol-
ogies that require fossil resources. For each city, a specific assessment 
must be performed since its geographical conditions, available resources 
or energy uses may favour the introduction of some technologies over 
others [20]. 

An agile understanding of a city’s overall potential for resource 
availability is a necessary step in promoting the use of this energy source 
against the impacts of fossil fuel extraction and the financial risks 
associated with its uncertain future. Along this line, Agudelo-Vera et al. 
[30] state that a self-sufficient city requires, in principle, full knowledge 
of the resources it possesses, which can be a drawback since most cities 
are unaware of their potential resources. 

The challenge in city planning is to incorporate some amount of RE 
to increase energy efficiency and meet local demands. This transition 
will promote more sustainable cities. The concept of a “trias” or energy 
triad supports this transition through i) energy savings to decrease de-
mand, ii) the use of RE to supply the remaining demand, and iii) the use 
of fossil resources in an efficient, clean and responsible manner [31,32]. 
In this sense, Radzi [33] defines energy autonomy as the ability to 
generate energy as close as possible to the place where it is consumed. 

Despite the fact that solar, wind and other types of RE could supply 
part of the world’s energy demand, the costs associated with operation 
and maintenance and the lack of concern about environmental impacts 
impede the social acceptance of such energy sources and, therefore, 
their widespread use. Hence, policies that promote sustainability and 
reverse the aforementioned drawbacks are required. 

Kennedy and collaborators [29] argue that the challenge is to design 
sustainable cities according to their urban metabolic processes. The use 
of renewable technologies within a city can help to reduce transmission 
losses and energy production and avoid the construction of energy 
generation and transport infrastructures [34], decrease pollution, 
reduce the heat island effect, improve quality of life [35,36], avoid 
power outages and meet demand [37]. The study by Hassan and Lee 
[38] concludes that the key to achieving urban sustainability is reducing 
energy consumption, either by using energy efficiently or expanding the 
use of RE resources. 

In cities built without considering endogenous energy options, 
buildings do not incorporate passive or active energy systems. Over 
time, studies have addressed the ability of a city to be self-sufficient in 
whole or in part. To this effect, P�aez [23] proposes that, in conjunction 
with renewable resources, bioclimatic architecture, energy efficiency or 
the implementation of programs aimed at a circular model of urban 
metabolism should be promoted. While most of the reviewed research 
focuses on a single technology, it also considers ways to complement the 
energy production of individual technologies with various renewable 
alternatives to improve performance or meet demand [39–42]. 

The choice of technologies depends not only on available resources 
but also on the maturity of the technology or its required uses. Eicker 
and Klein [43], for example, consider that PV power offers greater 
possibilities for supplying urban areas, while biomass, wind or hydro-
power can complement shortages. Kanters et al. [44] note that solar 
power alone cannot meet all of a city’s demands if it is not accompanied 
by energy conservation measures and the integration of other 
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technologies, such as wind, geothermal or biomass, to cover the 
mismatch. Likewise, it is expected that the development of smart grids 
will promote wind and PV power not only for self-sufficiency but to sell 
excess energy in times of surplus. 

This proposal is conditioned on the development, design and man-
agement of smart grids [45] that make interaction between internal 
production and consumption possible and allow the optimization and 
integration of different distributed generation technologies. This will 
require adapting the grid capacity to carry deficits and surpluses in 
accordance with energy demands and intermittent RE production. 
Furthermore, the intermittency of renewable energy sources requires 
that they coexist with generally external controllable energy technolo-
gies. Consequently, the promotion of RE in a city does not seek to 
eliminate energy importation but rather to decrease the need for im-
ported energy while diffusing energy storage. 

Several investigations have assessed the potential of RE. Table 1 
shows some research regarding the technologies used in this article. 

The presented research seeks to promote the integration of RE in 
cities. The variety of technologies and resources explains the difficulties 
of defining global policies due to urban diversity and complexity. The 
projects formulated in Europe and the United States stand out. 

The “Energy Efficient Cities initiative” (EECi) project in England is a 
multidisciplinary study that seeks to reduce energy demand and envi-
ronmental impacts in cities. This project proposes that RE sources be 
considered in urban planning and be integrated into buildings [60]. 

The MUSIC (Mitigation in Urban Areas: Solutions for Innovative 
Cities) project aims to reduce energy consumption and decarbonise 
cities. This project brings together research groups from Scotland 
(United Kingdom), Ghent (Belgium), Montreuil (France), Ludwigsburg 
(Germany) and Rotterdam (Netherlands). In this project, a tool was 
developed to assess the potential of RE so that energy planners can 
choose the location and type of energy that should be promoted [61]. 

Another project of interest is that of the European Association of 
Local Authorities in Energy Transition (Energy Cities), which seeks to 
change the conventional system based on fossil resources. One of its 
proposals is that future homes and buildings use 100% RE [62]. In 
Germany, the energy transition (Energiewende), with projections to the 
year 2050, contemplates that within homes, not only the self-production 
of electrical energy but also its sale is possible [63]. This energy tran-
sition implies the progressive adaptation of the distribution network to 
allow the management of REs, energy storage and transport (http: 
//www.energiewende-global.com). 

Project Sunroof (https://www.google.com/get/sunroof#p¼0) fo-
cuses on the incorporation of PVs on a domestic scale in locations in 50 
North American states [64]. 

In recent years, several cases of the urban insertion of renewable 
energy production have resulted from the adoption of public policies, 
municipal incentives and specific and diverse strategies. The success 
achieved in all cases is relative; it depends on local conditions, specif-
ically environmental conditions and available natural resources. A 
detailed compendium of these experiences has been published by the 
International Energy Agency [27] and the International Renewable 
Energy Agency (IRENA) [24]. 

In Latin America, despite seeking sustainable urban development, 
the Inter-American Development Bank project [65] does not highlight 
the inclusion of renewable technologies in cities that are considered 
emerging and sustainable. 

In contrast with this research, the reviewed studies do not identify 
the most appropriate resource for a given city and do not assess the 
impact on the urban energy balance when different technologies are 
included. 

1.2. Energy self-sufficiency in intermediate cities 

Intermediate cities are those that do not exceed one million in-
habitants; from an administrative point of view, cities of this size are 
considered more governable, with a greater capability for administra-
tive management and a higher quality of life for their inhabitants [66]. 
Intermediate cities are particularly interesting as their planning and 
management experiences can be transferred to other cities. 

In the case of Cuenca (Ecuador), its status as an intermediate city 
allows it to promote actions aimed at managing its potential energy 
resources. However, no comprehensive actions have been taken to 
determine energy flows or propose the use of energy alternatives based 
on indigenous resources. 

Cuenca is located in the Andes mountain range, near the equator. It is 
the capital of the province of Azuay and the economic and administra-
tive nucleus of Cuenca Canton, Ecuador. The city is located between the 
geographic coordinates 2� 30 ‘to 3� 100 south latitude and 78� 51 ‘to 79�

40’ west longitude, and its average elevation is 2600 m above sea level 
(GAD Cuenca, 2015). The population of the urban area of Cuenca is 
391,657 inhabitants. As indicated in section 3.2.1, electricity, diesel, 
gasoline, natural gas, liquefied petroleum gas and petroleum residues 
are the sources of energy used by industry, commerce and the residential 

Table 1 
Technical energy potential for different cities (adapted from Ref. [46]).  

Technology City Potential Demand Reference 

Biogas (electricity production) Oakland (United States) 120.00% 55,00 GWh/year [47] 
Mexicali (Mexico) 6.00% The percentage is compared to the lighting requirement [48] 
Tijuana (Mexico) 40.00% 
Sao Paolo (Brazil) 
Río de Janeiro (Brazil) 

7.30% 
6.73% 

8723.60 GWh/year 
5481.00 GWh/year 

[49] 

Hydroelectric Beppu (Japan) 100.00% 29,000 homes with consumption of 300 kWh/month [50] 
Photovoltaic Ostfildern (Germany) 45.00% 10.70 GWh [43] 

Ludwigsword (Germany) 18.00% 430.00 GWh  
Munich (Germany) 100.00% 20.00 kWh/m2 [40] 
Wageningen (Netherlands) 50.00% 

66.00% 
45.00 kWh/m2/year [30] 

Kerkrade (Netherlands) 18.00% 481.00 GWh [51] 
Karlsruhe (Germany) 9.05% ** 410.00 GWh [52] 
Zernez (Switzerland) 64.00% 7.40 GWh/year [53] 
Cities of Nepal 100.00% 1228.00 GWh [37] 
Ludwingsburg (Germany) 65.00% 3.54 GWh [54] 
Dhaka (Bangladesh) 15.00% 773.41 GWh/year [55] 

Biogas (transportation fuel) Cities of Brazil 100.00% 107,000 urban buses [36] 
Tartu (Estonia) 54.50% 0.14 t natural gas [56] 

Solar thermal Mexico (urban areas) 45.60% 29.09 GWh/year [57] 
Spain (8005 municipalities) 68.40% 28249.00 GWh/year [58] 
Concepci�on-Chile (3233 houses) 75.00% 19788.70 MWh [59]  
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sector in the city. 
Cities have different resources; therefore, it is necessary to establish 

which renewable technologies are applicable to a certain region. A 
literature review identified 11 REs that can be implemented in cities (see 
Ref. [67,68]). In addition, 4 criteria (technical, economic, environ-
mental and socio-political) and 14 sub-criteria were established for 
selecting the most appropriate technologies for a given region. The 
PROMETHEE multi-criteria method was then used to select the most 
suitable options. Thus, 5 technologies that could be used in the city of 
Cuenca were identified: i) biogas from wastewater could be used as fuel 
for public transport; ii) electricity could be generated using PV energy, 
small hydroelectric plants, and biogas from sanitary landfills; and iii) 
low temperature solar thermal energy could be used for water heating. 
In Ref. [69,70], the proposed method was used to identify these tech-
nologies as means of producing energy with endogenous resources. 

This article explores this possibility through the use of endogenous 
energy resources that can modify the urban energy matrix. In the first 
section, a bibliographic review related to the need to promote energy 
planning in cities is presented, along with several studies and experi-
ences that propose the use of RE in cities. In the second section, the 
methods used to determine the potential of RE use in the city of Cuenca 
are detailed. The model that was used to analyse the city’s energy bal-
ance is indicated and justified. In section three, the methods are applied, 
and the results are presented. Different scenarios are used to assess how 
the urban energy balance would be modified with the application of 
each technology. In the fourth section, the results are discussed, and 
possible uses for excess energy are described. Finally, a series of con-
clusions is established regarding the implications of the results for en-
ergy management in the city. 

2. Materials and methods 

Previous studies have determined the technologies with the greatest 
applicability for Cuenca, Ecuador: biogas from wastewater for trans-
portation; PV, small hydropower plants and landfill biogas for elec-
tricity; and solar thermal energy for DHW [6,68]. Since the energy 
baseline is known, the proposal is i) to determine the technical potential 
of each technology and ii) to determine the amount of energy that it 
could replace in the base year. The scope of the present study does not 
include an analysis of the network’s configuration or stability or 
building and economic constraints, which are left to subsequent stages 
of the analysis. Instead, the goal is to provide preliminary information 
for decision-making or policy formulation that can lead to the adoption 
of alternatives based on their potential. 

2.1. Energy potential of REs in the city of Cuenca 

2.1.1. Transportation sector 
The transportation sector is a priority because it represents 62% of 

the local energy consumption [71]. Consequently, the possibility of 
using biogas to supply public transportation is considered an alternative 
to traditional imported fuels. 

2.1.1.1. Energy potential of biogas from wastewater. The methane pro-
duced by the anaerobic digestion of domestic wastewater is calculated 
using the methodology recommended by the Intergovernmental Panel 
on Climate Change (IPCC) in the 2006 IPCC Guidelines for National 
Greenhouse Gas Inventories, specifically in the chapter related to 
wastewater treatment and discharge [72,73]. El-Fadel and Massoud 
[74] show that different values can be obtained when other methodol-
ogies are used due to inaccurate data; consequently, theoretical calcu-
lations can scale the amount of CH4 produced, but the results may be 
more accurate when specific local information is used. However, the 
IPCC methodology can be used to estimate the global potential. 

The amount of CH4 derived from wastewater treatment using 

anaerobic processes depends on the temperature, since higher temper-
atures increase methane production. The literature reports that at tem-
peratures below 15 �C, methane generation processes are infeasible 
[73]. According to Petropoulos et al. [75] and McKeown et al. [76], 
large-scale treatment plants operate at temperatures above 18–20 �C. 
Therefore, these systems are preferred in tropical climate regions [73]. 
In temperate regions (<20 �C), this option is limited because of the 
significant cost of heating the system to within the optimum tempera-
ture range [76]. Equation (1) shows the model used to determine the 
potential amount of biogas obtainable from wastewater. 

CH4 from wastewater ¼ ðUP � GT � Bo � FCÞ � ðPOP� BOD� IBOD � SLÞ

(1)  

where: 

CH4, annual amount of methane from wastewater in kg CH4/year. 
UP, fraction of the population according to income level. 
GT, level of utilization of the treatment and/or discharge system. 
Bo, maximum methane production capability in kg CH4/kg BOD. 
FC, CH4 correction factor. 
POP, population in persons. 
BOD, biochemical oxygen demand per capita in kg BOD/person/ 
year. 
IBOD, correction factor for BOD sent to the treatment system. 
SL, organic component separated as mud in kg BOD/year. 

2.1.2. Electricity sector 
The electricity sector accounts for approximately 11% of the energy 

demand of the city. Three of the selected technologies can supply this 
demand: small hydropower plants, PV energy and cogeneration from 
landfill biogas. The last option is the only one that is currently developed 
to a significant extent locally; it operates in conjunction with small-scale 
PV technology, but both sources actually provide a very small propor-
tion of energy with respect to the total supply. 

2.1.2.1. Energy potential of small hydropower plants. The small hydro-
electric potential of a river is determined by its flow rate and change in 
height. For each river, the appropriate design flow rate is determined, 
and the hypothetical maximum height differential within the urban 
limits is established. Equation (2) estimates the energy potential for the 
installation of small hydropower plants [77,78]: 

P¼ ηhi � ρa � g� Qe � Hn (2)  

where: 

P, hydroelectric power in kW. 
ηhi, efficiency of the mechanical and electrical infrastructure in %. 
ρa, water density in 1000 kg/m3. 
g, acceleration due to gravity in m/s2. 
Qeq, design flow rate through the turbine in m3/s. 
Hn, net height in m. 

The efficiency of the mechanical and electrical infrastructure in-
cludes the efficiencies of the turbine (ηturbine ¼ 0.9), generator (ηgenerator 
¼ 0.95) and transformer (ηtransformer ¼ 0.99) and is ηhi ¼ 85%, while the 
product of the density and acceleration is ρa*g ¼ 9800 kg m� 2 s� 2. 

The natural drop or gross height (Hb) is the vertical distance between 
the water intake and its discharge; if flow losses in the pipes, channels 
and chambers are subtracted, the net height (Hn) is obtained. The losses 
can be estimated in metres and range between 5 and 10% of the gross 
height [79]. 

To avoid losses, Kosa et al. [80] proposed a distance of less than 
3000 m between the water intake and the powerhouse. Rojanamon [81], 
in another study, concluded that 5000 m would be a reasonable dis-
tance. Furthermore, the minimum distance between two consecutive 
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systems should not exceed 500 m, according to Kusre et al. [82]. Table 2 
shows the relationship between the distance from the intake and the 
powerhouse and the gradient (height/river length) for several studies. 
Although hydroelectric power can also be utilized for gradients lower 
than 2%, the costs and construction difficulty are higher due to the need 
to increase the height of the waterfall. 

Flow rates lower than 10 m3/s are considered low, while flow rates 
between 10 m3/s and 100 m3/s are considered moderate. In addition, 
heights lower than 30 m are low, heights between 30 and 100 m are 
medium and heights between 100 and 1000 m are high [85]. 

The design flow rate (Qeq) is the flow that allows the operation of the 
plant most of the year; it requires 25 years of data from gauging stations 
located in the river channels. A representative year is determined from 
these series and is used to establish a flow duration curve. For the 
analysed rivers, less than 20 years of measurements are available, but for 
the purposes of this investigation, this is considered adequate. The flows 
are recorded in sequences of varying length (in minutes), and this in-
formation is used to establish the annual contribution [86]. Subse-
quently, the highest frequency for an average hydrological year is 
determined, and from this information, the hydrological potential is 
determined. A flow duration curve is developed for each river, enabling 
the characterization of the following flow rates: 

Qm, average annual flow in m3/s. 
Qmax, absolute maximum flow in m3/s. 
Qmin, absolute minimum flow in m3/s. 
Q90, equalled or exceeded flow in 90 days in m3/s. 
Q270, equalled or exceeded flow in 270 days in m3/s. 
Qe, ecological flow (10% of the average flow) in m3/s. 
Qeq, design flow rate in m3/s. 

The design flow is defined by Ref. [87] using Equation (3): 

Qeq ¼
Q90 þ Qm

2
� Qe (3)  

2.1.2.2. Potential of PV solar energy in urban Cuenca. The solar energy 
potential is evaluated with a simplified methodology using existing 
municipal information on developed land and applying reduction in-
dicators for occupancy based on performance data for particular sun 
exposure conditions in the locality. A detailed description of this process 
is provided in Barragan A., Zalamea E. and Terrados J. [88], and this 
paper summarizes the process. The shape, inclination and orientation of 
roof surfaces are affected by architectural elements of the roofs [53]. The 
PV potential is obtained through Equation (4) [89–92]: 

Ppv¼AFV ⋅I⋅Fr⋅ηr (4)  

where: 

Ppv, PV energy potential in kWh/year. 
Afv, area available for roof installation in m2. 
I, annual average solar radiation in kWh/m2. 
Fr, correction for architectural integrability. 
ηr, solar potential performance factors. 

The performance factors applied are included in Fr, which considers 
architectural constraints. ηr is given by the conversion efficiency of the 
PV systems due to both the efficiency of the PV system and the envi-
ronmental conditions.  

� Available area 

Several methodologies have been established for sizing roof areas as 
potential radiation collectors [1]. Several studies suggest a ratio of roof 
to floor area of 1.2 [93,94] for sloped roofs. The total urban occupation 
of the city of Cuenca, based on cadastral data, is 13.79 km2 [95], which 
corresponds to 166,630 built units. Based on these data, the estimated 
roof surface area is 6.55 km2, or 23% of the total urban surface area. A 
particular aspect of equatorial cities is that a sloped roof with any 
orientation has good irradiation potential due to the solar path, which 
magnifies the urban potential for solar energy [96,97].  

� Area performance factors 

The capacity for PV incorporation can be predicted based on the roof 
area. Wiginton, Nguyen and Pearce [98] list four conditions that reduce 
roof irradiation: i) shading from other parts of the roof or from neigh-
bouring buildings; ii) complementary elements, such as windows, an-
tennas, chimneys, or staircases; iii) the orientation of sloped roofs; and 
iv) the inclination of sloped roofs. Romero et al. [91] also establish 
performance factors for the potential of rooftops; these factors were 
obtained from various reference studies (see Equation (5)): 

Fr ¼Ccon � Cprot � Cso � Cor � Cin � ðCGCR � CasÞ � CFV � CST (5)  

where: 

Ccon, building restrictions. 
Cprot, restrictions due to historic and heritage buildings. 
Csh, restrictions due to shading. 
Cor, restrictions due to the orientation of the surface. 
Cin, restrictions due to the inclination of the surface. 
CGCR, restrictions due to the spacing between solar panels. 
Cas, restrictions due to required access and maintenance areas. 
CFV, availability for PV solar panel installation. 
CST, availability for solar thermal panel installation. 

2.1.2.3. Methodology for estimating the electrical potential of biogas from 
controlled landfills. The energy potential of methane is obtained by 
calculating the landfill emissions using the guidelines on waste disposal 
established by the Intergovernmental Panel on Climate Change [99]. 
Methane generation results from the decomposition of the organic 
matter in waste, which creates methane and carbon dioxide. Emissions 
depend on the decomposition of material over several years and are not 
constant; the most significant emissions occur in the beginning but 
decay over time as carbon is consumed under anaerobic conditions [99]. 

Equations (6) and (7) estimate the methane emissions per year. This 
methodology is used by several authors to determine the energy po-
tential of biogas for electricity production [49,100,101]. 

CH4  from  controlled  landfill  ¼POP�Wa�DOC�DOCf�FC�FCH4�Cmw

�ð1� OXÞ
(6)  

DOC¼
X

i
ðDOCi �WiÞ (7)  

where: 

CH4, annual amount of methane from urban solid waste in kg CH4/ 
year. 

Table 2 
Minimum gradients for hydroelectric power generation.  

Height (m) River length (km) Gradient (%) Source 

20 3 �0.66 [80] 
3; 4.2; 6; 8.4 5; 7; 10; 14 �0.06 [83] 
50.6; 13.8 22; 6 �0.23 [83] 
10 0.50 �2 [82]   

�4 [84] 

Source: Authors 
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POP, population in persons. 
Wa, amount of waste per capita in kg/person 
DOC, fraction of degradable organic carbon in raw wastes, in kg C/kg 
waste. 
DOCf, fraction of degradable organic carbon that decomposes. 
FC, CH4 correction factor for aerobic decomposition during the 
deposition year. 
FCH4, fraction of CH4 in the generated landfill gas. 
Cmw, CH4/C molecular weight ratio. 
OX, oxidation factor. 
DOCi, fraction of degradable organic carbon in type i waste. 
Wi, fraction of type i waste by waste category. 

2.1.3. Thermal energy self-supply 
The thermal energy demand in Cuenca is lower than that in other 

cities worldwide due to the favourable climate, which means that 
buildings to have no heating or cooling demands, which are usually a 
main reason for high urban energy consumption. The usual thermal 
demands are mainly for DHW, cooking and industrial processes in spe-
cific buildings. Based on this, and considering the general requirements 
of water heaters, the portion of the demand that can be met by solar 
thermal technology can be estimated. The remaining demand is met by 
fossil fuels, and although this could be converted to electricity generated 
by renewable power sources, such a discussion is beyond the scope of 
this research. 

2.1.3.1. Methodology for estimating the potential of solar thermal energy. 
In this case, the thermal energy required to meet the DHW demand is 
determined. With the LEAP model, it is determined that according to the 
usage characteristics, the sun can meet the thermal demand for useful 
energy, which corresponds to 878.49 kWh/year. Liquid propane gas 
(LPG) water heaters are used in 89.00% of households that consume 
DHW, with an efficiency of 45%. Since 94% of all households have hot 
water, the energy requirement for this service is 1633.22 kWh/year per 
household. Based on this data, a possible solar thermal contribution is 
established. The availability of roofs widely exceeds the required solar 
collection surface; therefore, this aspect is not considered a restriction. A 
possible solar thermal supply scenario can be determined according to 
the population and statistical consumption. Subsequently, the space 
required for the solar thermal supply is subtracted when calculating the 
PV potential, and both options are considered in conjunction. 

Equation (8) is used to calculate the area per household required for 
the solar heat supply [57,102]: 

Eth ¼Ast � I � ηth (8)  

where: 

Eth, energy required for heating water in kWh/year. 
Ast, area in m2. 
I, average irradiation in kWh/m2/year. 
ηth, solar thermal panel efficiency. 

The energy demand for heating water is calculated by Ref. [103]: 

Eth¼Q ⋅ ρa ⋅Ca ⋅ ðTuse � TnetÞ⋅n (9)  

where. 

Eth, energy required for heating water in kJ/year. 
Q, flow rate of domestic hot water (l/day). 
ρa, water density in 1000 kg/m3. 
Ca, thermal energy for heating water (4.18 kJ/�C kg). 
Tnet, water temperature in the urban network. 
Tuse, water temperature for DHW. 
n, days of water heating. 

3. Results 

The energy potential for each RE technology is calculated as 
described in the previous section. Using the LEAP model, new energy 
sources are introduced, and scenarios are presented that allow an 
observation of how the energy balance is modified. Scenario 1 shows the 
use of biogas from wastewater in transportation. Scenarios 2, 3, and 4 
show the use of technologies that can produce electricity (hydroelectric, 
PV, and landfill biogas). Scenario 5 shows how the urban matrix is 
modified by incorporating low-temperature thermal solar energy. A 
final scenario analyses the results of incorporating all five technologies 
together. In each case, the result of the proposed scenario is compared to 
the energy baseline of the city of Cuenca. 

3.1. Transportation sector 

3.1.1. Energy potential of biogas from wastewater for transportation 
The city of Cuenca has a stable temperature throughout the year, but 

daily fluctuations can result in peak temperatures of 27 �C or minimum 
temperatures of 9 �C [104]. The average temperature (15 �C) was used 
for the analysis. This indicates that anaerobic outputs will require mild 
support from extra energy inputs to sustain the system. Using the IPCC 
methodology, this study identified three options for the anaerobic gen-
eration of biogas: i) the anaerobic treatment of sludge, which is the 
product of aerobic water treatment plants; ii) anaerobic lagoons; and iii) 
anaerobic reactors. Equation (1) calculates the CH4 produced. Table 3 
shows the values used for the calculations based on the conditions in the 
city of Cuenca. 

The methane availability in the city of Cuenca has not radically 
changed in recent years because there have been no significant changes 
in sewage treatment systems. In 2015, the availability was 3259.37 CH4 
tons/year (13,612.47 m3 per day); this equates to 30.76 thousand barrel 
of oil equivalent (kBOE)/year (178,867.841 GJ), which is 1.13% of the 
total energy required in the city and is 1.89% of the transportation re-
quirements. The power of a biogas plant, with a load factor of 0.7 and 
disregarding any losses, would be 8.10 MW. In addition, a process effi-
ciency of 47% is considered feasible according to studies by Müller- 
Langer and Keeffe [107] and Münster and Lund [108]. 

To examine the transportation energy consumption in Cuenca, it was 
decided to replace diesel buses with natural gas buses. The average 
distance travelled by a diesel bus is 68,654 km/year (188.09 km/day) 

Table 3 
Values used to calculate annual CH4 emissions in Cuenca (biogas from 
wastewater).  

Parameter Value Source Justification 

Population 
(persons) 

391,657 [105] Urban population of Cuenca 

BOD (kg BOD/ 
person/year) 

14.60 [73] Recommended value for Latin 
America 

IBOD 1.25 [73] Collected industrial discharges 
SL 0.00 [73] Recommended if data are not 

available 
UP (%) 1.00 It is assumed that 95% of the urban area 

population, regardless of income level, accesses the 
wastewater treatment service. This value is the 
percentage of service provided by the city’s 
wastewater treatment plant. Considering this, 
UPxGT ¼ 0.95. 

GT (%) 0.95 

Bo (kg CH4/kg 
BOD) 

0.6 [72,73, 
106] 

Default value of the 2006 report and 
the 1996 report. 

FC (kg CH4/kg 
BOD) 

0.80 [72,73] For anaerobic reactor, anaerobic 
digestion of sludge or anaerobic 
lagoon 

CH4 emissions ¼ 3,259,369.55 kg CH4/year 
LHV (lower heating value) of CH4 ¼ 36 MJ/m3 

Density of CH4 ¼ 0.656 kg/m3 

Source: Authors 
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[109]. The average specific consumption is 17.51 l/100 km (21.61 
km/gal), so the total gallons required is 8.70 gal/day. If the energy 
contained in a gallon is 0.02 BOE/gal, the total energy consumed by a 
bus using diesel fuel in Cuenca is 0.21 BOE per day (1242.05 MJ/day). 

Since CH4 has an LHV of 6.20 BOE/m3 (36 MJ/m3), the average daily 
distance travelled by a diesel bus requires 34.5 m3 of methane. The 
expected daily methane production volume could replace 394 fuel buses 
(21.14% of the existing bus fleet). These values decrease if the losses and 
energy requirements of the anaerobic system are taken into account. 
According to Nolasco D. [110], the total losses in the capture, distri-
bution and consumption systems are between 5 and 10%; this study 
assumes a loss of 5%. Additionally, Cordero [111] determines that in the 
case of Cuenca, the energy required to maintain the proper process 
temperature is approximately 15% of the energy potential of methane. 
In this case, the available energy would be 24.80 kBOE, and 318 buses 
(17.04% of the existing bus fleet) could be replaced under the conditions 
mentioned above. This amount represents 1.53% of the total energy 
required for the fleet or 0.91% of the total energy required by the urban 
region of Cuenca. 

3.1.2. Self-supply potential in the electricity sector 

3.1.2.1. Potential energy from small hydropower plants. Gauge mea-
surements from hydrometeorological stations located within the city 
limits are used as the initial data (see Fig. 1). It is obvious that outside 
the urban limits (upstream or downstream), there may be better con-
ditions for small hydropower facilities. This analysis does not consider 
the use of hydrokinetic turbines (low- or zero-head) or ultralow head 
(0–3 m) turbines due to their unreliability and lack of development 
[112]. 

It is noted that the rivers have paths with small height changes, 
implying that long distances are needed to achieve significant height 
differences. 

For each river, the water head is considered the height difference 
between where the river enters the city limits and where it leaves or 

becomes part of another stream. The table below shows the points of 
interest for the calculation of the water heads shown in Fig. 1. 

The natural drop of this resource is 58.00 m (see Table 4). The flow 
rates were obtained from the Tarqui AJ Yanuncay gauging station [113]. 
This information was used to determine the annual contributions 
(Fig. 2), [86]. 

The highest average flow rates correspond to the years 2001, 2007 
and 2011 and to the 2006, 2010 and 2009 data. The average year used 
for the analysis was 2009. 

Fig. 3 shows the flow duration curve from which the design flow 
rates were determined.  

� Yanuncay River 

The natural drop of this resource is 72.00 m (Table 4). The gauging 
flows were taken from the Yanuncay AJ Tarqui station [114]. Fig. 4 
below shows the annual contributions [86]. 

Fig. 1. Hydrological resources that pass through urban Cuenca. 
Source: Authors 

Table 4 
Location of points of interest for the design flow rate (authors’ elaboration).  
� Tarqui River  

River Point Maximum height Coordinates 
17 M (X; Y) 

Tarqui PRTa1 2574.00 717850.00; 9675735.00 
PRTa2 2516.00 722049.00; 9677398.00 
Eaf1 2528.00 721248.00; 9677414.00 

Yanuncay PRY1 2588.00 717717.00; 9678784.00 
PRY2 2516.00 722049.00; 9677398.00 
Eaf2 2520.00 721831.00; 9677508.00 

Tomebamba PRTo1 2701.00 714514.00; 9681726.000 
PRTo2 2485.00 723985.00; 9678354.00 
Eaf3 2693.00 714623.00; 9681641; 00 

Mach�angara PRM1 2621.00 723806.00; 9687317.00 
PRM2 2431.00 727329.00; 9680633.00 
Eaf4 2475.00 725473.00; 9681509.00 

Source: Authors 

E.A. Barrag�an-Escand�on et al.                                                                                                                                                                                                               



Renewable and Sustainable Energy Reviews 129 (2020) 109913

9

Most of the average flow rates correspond to the years 2012, 2001, 
and 2010. The average year used for the analysis was 2010. Fig. 5 shows 
the flow duration curves from which the design flow rate was 
determined.  

� Tomebamba River 

The natural drop of this resource is 216.00 m (see Table 4). The 
gauging flows were taken from the Matadero gauging station in Sayausi 

[115]. This information was used to determine the annual contributions 
(Fig. 6) [86]. 

The highest average flow rates correspond to the years 2011, 2008, 
1999, 2007, and 1998 and to the 2000, 2012, 2010, and 2009 data. The 
average year used for the analysis was 2012. Fig. 7 shows the flow 
duration curve from which the design flow rates were determined.  

� Mach�angara River 

Fig. 2. Annual contributions of the Tarqui River. 
Source: Authors 

Fig. 3. Flow durations, Tarqui River (year 2009). 
Source: Own elaboration 

Fig. 4. Annual contributions of the Yanuncay River. 
Source: Authors 
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The useable water drop according to Table 4 is 190.00 m. The data 
from the Mach�angara gauging station (“Llantera” sector in Cuenca In-
dustrial Zone) [116] do not allow the determination of the annual 
contribution for several years (data for the years 2015 and 2016 were 
available). The contribution from 2015 (which is lower and represents 

the least optimistic scenario) was used for the energy calculation 
(Fig. 8).  

� Calculation of the small hydroelectric potential 

Fig. 5. Flow duration curve, Yanuncay River (year 2010). 
Source: Authors 

Fig. 6. Annual contributions, Tomebamba River. 
Source: Authors 

Fig. 7. Flow duration curve, Tomebamba River. 
Source: Authors 
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Table 5 shows the characteristic flow rates of the analysed rivers and 
the assessment of the potential energy. 

The observed operation availability is below 65%, which indicates 
that the calculated power of 32.59 MW could be reduced. The total 
energy that could be obtained is 151.78 GWh. Table 6 shows the esti-
mates obtained by applying the above restrictions of 5000 m between 
the water intake and powerhouse and 500 m distances between stations. 
The total power available is 26.69 MW, and the annual energy is 120.28 
GWh. 

3.1.2.2. Potential PV solar energy in urban Cuenca. Table 7 shows the 
performance factors used to calculate the useable surface area in the city 
of Cuenca, specified using the methodology in section 2.1.2.2. 

The distances needed to avoid the inter-shading effect between 
panels, as well as the requirements for service areas and maintenance 
and cleaning areas, are calculated following the methodology of Byrne 
et al. [1], which has been applied in the cities of Amsterdam, London, 
Munich, New York, Seoul and Tokyo. The ground coverage ratio (GCR) 
is calculated using Equation (10): 

GCR¼
c
d
¼

�

cosðβÞ þ
b
a
*senðβÞ

�� 1

(10)  

where (see Fig. 9): 

c, width of the PV panel. 
d, distance between rows. 
b, space between rows. 
a, vertical distance 
β, inclination angle of the panel. 

In practice, a b/a ratio of 2:1 is sought in low-latitude regions, and a 
ratio of 3:1 is sought in mid-latitude regions [118]. Table 8 shows the 
different GCRs for different angles; additionally, the required service 
area (SA) for access and maintenance is established. For small angles, a 
specific spacing area is required, while for larger angles, the spacing 
required to avoid losses can be used as the service area. Byrne et al. [1] 
proposed a spacing of 20% when the inclination angle is minimal and a 
linear reduction to 0% for a 30� inclination. 

Using information from the study area and System Advisor Model 
(SAM) software [119], the variation in incident radiation is identified 
for different inclination angles and different orientations with respect to 
the azimuth, which a previous study determined using local conditions 
[96]. The average annual irradiation is obtained for each azimuth 
(0–315�) from the monthly average daily irradiation values (Fig. 10). 
Fig. 11 shows the mean annual irradiation values for different panel 
inclination angles (0–30�). 

The mean annual irradiation on a horizontal surface in the study area 
is 1528.51 kWh/m2. Given the minimum and maximum irradiations 
measured at varying orientations, this represents a variation of 3–4%. 
The analysis of the inclination shows a variation of 0–10% compared to 
the maximum and minimum irradiations, respectively, always consid-
ering slopes of up to 30�, which corresponds to the maximum inclination 

Fig. 8. Flow duration curve, Mach�angara River. 
Source: Authors 

Table 5 
Potential hydroelectric energy.  

Parameter Unit Tarqui 
River 

Yanuncay 
River 

Tomebamba 
River 

Mach�angara 
River 

Hb m 58.00 72.00 216.00 190.00 
Length m 6400.00 4900.00 10,900.00 8650.00 
Gradient % 0.91 1.47 1.98 2.20 
Qm m3/s 3.31 5.17 8.83 5.95 
Qmax m3/s 47.59 42.75 73.50 28.47 
Qmin m3/s 0.24 1.11 0.16 1.08 
Q90 m3/s 4.30 6.66 13.72 7.54 
Q270 m3/s 0.79 1.82 1.64 3.13 
Qe m3/s 0.33 0.52 0.88 0.59 
Qeq m3/s 3.48 5.92 11.28 6.75 
P MW 1.51 3.19 18.26 9.61 
Load 

Factor 
(LF) 

% 0.53 0.54 0.47 0.63 

Energy GWh 7.03 15.15 75.51 52.84 

Source: Authors 

Table 6 
Potential hydroelectric energy with restrictions.  

Parameter Unit Tarqui 
River 

Yanuncay 
River 

Tomebamba 
River 

Mach�angara 
River 

Length M 5000.00 4900.00 5000.00 5000.00 
Hb M 45.31 72.00 99.08 109.83 
Np* U 1.00 1.00 2.00 1.00 
P MW 1.18 3.19 16.76 5.56 
Energy GW 5.49 15.12 69.00 30.67 

*Number of plants 
Source: Authors 
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of typical roofs in the city.  

� Performance factors of solar potential 

Romero and colleagues [91] note that the solar potential calculation 
should consider factors involved in the capture and conversion of energy 
by the PV panels. Equation (11) calculates the performance factor of the 
solar potential: 

ηr ¼ ηef � ηte � ηor � ηin (11)  

where: 

ηr, performance factor of solar potential. 
ηef, efficiency of the PV modules. 
ηte, losses due to weather conditions (temperature and irradiation). 
ηor losses due to the angle of incidence of the solar rays. 
ηin, losses due to electrical installation and dirt. 

Table 9 shows the factors mentioned above for the calculation of the 
performance factor of the potential ηr. 

Equation (4) calculates the solar potential for urban Cuenca. 
Table 10 summarizes the results using the estimated roof area and the 
performance factors described. 

The electricity required to meet the demand of the urban part of 
Cuenca city in 2016 was 455.70 GWh (282.13 kBOE), including the 
estimated losses. More specifically, PV solar energy could supply 3.19 

Table 7 
Performance factors used to calculate the useable roof surface area.  
� Ground coverage ratio  

Performance 
factor 

Value Source Justification 

Ccon 0.85 all 
roofs 
0.8 flat 
roofs 
0.9 sloped 
roofs 

[91] The average of the data, 
0.85, is used. 

Cprot (1-2.14/ 
73) ¼
0.97 

[117] The historical centre of 
Cuenca is considered a 
heritage site. It covers 2.14 
km2 of the urban area of 
Cuenca. 

Csh 0.75 all 
roofs 
0.8 sloped 
roofs 
0.7 flat 
roofs 

[91] Due to the low building 
density, the proposed 
average of 0.75 is used. 

Cor 0.96 Evaluation using 
SAM software for 
different 
orientations. 

Depending on the 
orientation, the maximum 
irradiation yield is 4% for 
typical roof slopes. This is 
used as the extreme value. 

Cin 0.90 Evaluation using 
SAM software for 
different slopes. 

Depending on the slope, 
the maximum irradiation 
yield is 10%. This is used as 
the extreme value. 

GCR and Cas 0.81 all 
roofs 
1 sloped 
roofs 
0.62 flat 
roofs 

[1,118] The average is considered. 
A value of 0.62 is obtained 
from the ground coverage 
ratio section. For low- 
latitude regions, a 2:1 ratio 
and a 10� roof slope is 
used. 

CFV 1  There are no additional 
restrictions for PV solar 
panel placement. 

CST (1-0.27/ 
16.55) ¼
0.98 

Calculated as a 
function of the DHW 
demand 

The area required to meet 
the DHW demand with 
solar thermal panels is 
considered (see section 
2.1.3.1). 

Fr 0.426 Equation 5 

Source: Authors 

Fig. 9. Ground coverage ratio for PV solar installations. 
Source: adapted from Ref. [88] 

Table 8 
Ground coverage ratio and service area.  
� Restrictions due to the inclination and orientation of PV solar panels  

Beta b/a ¼ 2:1 b/a ¼ 3:1 

GCR 
(%) 

AS 
(%) 

Spacing 
available (%) 

GCR 
(%) 

SA 
(%) 

Spacing 
available (%) 

0 100% 20% 80% 100% 20% 80% 
5 85% 17% 69% 80% 17% 63% 
10 75% 13% 62% 66% 13% 53% 
15 67% 10% 57% 57% 10% 47% 
20 62% 7% 55% 51% 7% 44% 
25 57% 3% 54% 46% 3% 43% 
30 54% 0% 54% 42% 0% 42% 

Source: adapted from Ref. [88] 

Fig. 10. Average irradiation for different orientations. 
Source: Authors’ elaboration using SAM 
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times the electricity consumed in the base year. The total power of the 
PV plant to supply the energy demand would be 314.27 MW, with a load 
factor of 16.55% (1450 h). Consequently, in terms of the estimated 
potential net energy, this would be enough to cover the electricity 
consumption of the city with surplus. 

3.1.2.3. Estimated electric potential of biogas from controlled landfills. 
Table 11 shows the values used for the calculation based on the condi-
tions of the city of Cuenca and the methodology described in paragraph 
2.1.2.3. 

Assuming that all waste is deposited and managed, the total amount 
of biogas emissions is 10,054.25 tons/year. Approximately half of the 
quantified emissions are methane [100,101], namely, 5027.13 tons 
CH4/year or 874.80 m3/h. If the extraction system can isolate 50% of the 
emissions [123], the potential energy of CH4 per year is 137,939.42 GJ 
(38.31 GWh/year or 23.72 kBOE). With an electrical conversion effi-
ciency of 38% [124] and the use of methane thermal generators and also 
considering a load factor of 85%, an output capacity of 1.96 MW could 
be produced. Under these circumstances, the energy available is 14.56 
GWh/year. 

3.1.3. Potential for self-supplied thermal energy 

3.1.3.1. Potential of the solar thermal supply. A previous study reported 
that the energy required by a family of four in the city of Cuenca is 
2648.70 kWh/year [125]. However, to analyse possible technology al-
ternatives, the energy consumption per household used by the LEAP 
model is considered because the calculation described in Table 12 is for 
fixed conditions that will be affected by the habits and number of family 
members. 

The total energy required by the residential sector in 2016 was 
372.73 kBOE (27.54% electricity, 72.54% LPG), of which 31.73% was 
used to produce DHW. In a hypothetical case, if 100% of hot water re-
quirements are fulfilled with solar thermal panels, the energy required 
by the residential sector would be 254.45 kBOE, which represents a 
31.73% reduction. However, experiences in Chinese cities [103] with a 
consolidated market indicate that this technology may cover no more 
than 95% of the demand. In addition, the amount of solar energy in 
Cuenca does not exceed 78% [126] of the supply, and therefore, con-
tributions from other sources, such as electricity or LPG, would be 
necessary to meet demands. Consequently, in a scenario in which LGP 
contributes 74%, the energy requirement of the residential sector would 
be 282.06 kBOE (39.91% electricity, 71.33% LPG). 

If Eth corresponds to 878.49 kWh/year per household for DHW 
[125], with an average irradiation in Cuenca of 1472.72 kWh/m2/year 
and 65% efficiency, the required surface is 0.92 m2/household. If 20% 
additional area is considered for maintenance, the total area required for 
107,598 households will be 0.12 km2 (0.16% of the area of Cuenca). 
This represents a power of 76.91 MW, which would provide 94.33 GWh, 
with a load factor of 14%. Using the results of 2065.70 kWh/year shown 
in Table 12, which corresponds to a household of 4 people, 2.16 
m2/household is required, or an area of 0.39% (0.27 km2) of the urban 
surface of Cuenca. 

3.2. Scenarios 

This section describes the SCB energy base case. Six scenarios are 
included: SC1, the use of biogas for transportation; SC2, the use of small 
hydropower plants; SC3, the use of PV panels for electricity generation; 
SC4, the use of biogas to generate electricity; SC5, the use of solar thermal 
technology; SC6, the integration of all five renewable technologies. The 
inclusion of new energy sources and its alteration of the composition of 
the urban energy matrix is observed using energy balances and Sankey 
diagrams. 

Fig. 11. Mean annual irradiation for different inclinations. 
Source: Authors’ elaboration using SAM 

Table 9 
Performance factors of the potential of PV solar energy.  
� Estimation of PV potential  

Performance 
factor 

Value Source Justification 

ηef 0.18 [77, 
120] 

The average of the consulted 
sources is used. 

ηte 0.90 [91, 
92] 

The average proposed by the 
literature is used. 

ηor 0.975 all 
orientations 
0.95 not 
oriented 
1 oriented 
correctly 

[91] The average is used if the panel 
orientations are not determined. 

ηin 0.84 [92] Considers losses due to the 
reflection of the PV arrangement, 
dust or dirt, connectors and the 
inverter. 

ηr 0.13 Equation 4 

Source: adapted from Ref. [88] 

Table 10 
Potential of PV solar energy in urban Cuenca.  

Parameter Value Unit 

Area of floors 13.79 km2 

Area of roofs/ground floor area 1.20  
Area of roofs 16.55 km2 

Fr 0.43  
ηr 0.13  
Mean annual irradiance 1528.51 kWh/m2 

Potential of solar energy in urban Cuenca 1454.90 GWh 
Electricity demand in the city of Cuenca 423.80 GWh 
Distribution losses 31.89 GWh 
PV power supply capacity 319.27 % 

Source: Authors 
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Table 12 
DHW demand for the city of Cuenca and the necessary infrastructure.  

Parameter Value Source 

Q (l) 160 4 users [126] 
ρa (kg/l) 1.00  
Ca (kJ/�C kg) 4.18 [126] 
Tuse (�C) 55.00 [126] 
Tnet (�C) 16.00 [126]. The average temperature of Cuenca is 15 �C⋅⋅. The temperature of the network is considered 1 �C higher. 
n 365  
Eth (MJ/year) 9534.03 Equation 9 
E D (kWh/year) 2648.34  
SOLAR THERMAL COLLECTORS 
Solar fraction (%) 78.00* [126] 
Energy contributed by the system (kWh/year) 2065.70  
Area of the collector system (m2) 2.40 [126] 
Power of the collector system (kW) 1.68*  
Load factor (%) 14.04  

* The calculation of this parameter includes the efficiency of the solar panel. 
** Calculated considering that 1 m2 of solar panel is equivalent to 0.7 kW/m2 [127]. 

Table 11 
Values used for the calculation of annual CH4 emissions in Cuenca (landfill biogas).  

Parameter Value Source Justification 

Population (persons) 391,657.00 [105] Urban population of Cuenca. 
De (kg/person/year) 255.5 [121] Report of the Municipal Street Cleaning Company of Cuenca. 
DOCf 0.5 [99] IPCC recommendation. 
FC 1 [99] IPCC recommendation. 
FCH4 0.5 [99] 50% of biogas is considered CH4. 
Cpm 16/12 [99] Molecular weight ratio of methane to carbon. 
OX 0 [99] For controlled disposal sites. 
Wi Food: 64.4% [121] Report of the Municipal Street Cleaning Company of Cuenca. 

Paper: 6.3% 
Wood: 0.3% 
Textiles 1.9% 
Sanitary waste: 9.6% 
Plastics and other materials: 17.5% 

DOCi Food: 15% [122] IPCC recommendation. 
Paper: 40% 
Wood: 43% 
Textiles 24% 
Sanitary waste: 24% 
Plastics and other materials: 0% 

CH4 emissions ¼ 5,027,125.66 kg CH4/year 
LHV of CH4 ¼ 36 MJ/m3 

Density of CH4 ¼ 0.656 kg/m3 

Source: Authors 

Fig. 12. Sankey diagram (SCB) in Thousand barrel of oil equivalents (KBEP). 
Source: Authors 
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3.2.1. Scenarios described through energy balances 
The LEAP model was used to establish the energy consumption of the 

residential, commercial and industrial sectors of Cuenca. The urban 
energy matrix (base year 2016) was established by collecting informa-
tion on the consumption of electricity and fossil fuels (gasoline, diesel, 
natural gas, LPG, residual fuel oil) and the requirements of each sector. 
Fig. 12 shows a representative diagram of this baseline scenario (SCB), 
while Table 13 indicates the energy balance in this case. 

Fig. 13 indicates the current urban model based on the model pro-
posed by Barragan, Zalamea & Terrados, [88]. There are no energy 

production plants within urban boundaries. 

3.2.1.1. SC1, the use of biogas for transportation. The energy balance 
resulting from the introduction of biogas as fuel is considered in Sce-
nario 1 (SC1). The transportation sector includes the production of 
biogas that uses city wastewater (Ww) as a raw material (see Fig. 14 and 
energy balance SC1 in the Appendix). In this case, production covers the 
losses of distribution and energy requirements, and the use of biogas 
impacts transportation. In this scenario, close to 0.90% of the energy 
demand indicated in the baseline case (excluding the losses mentioned 

Table 13 
Base case energy balance (kBOE).   

EE NG GA DI FO LPG Total 

Production        
Import 282,13 59,47 984,85 789,35 218,49 402,46 2.736,75 
Export        
Total supply 282,13 59,47 984,85 789,35 218,49 402,46 2736,75 
Distribution � 19,67 0,00 0,00 0,00 0,00 0,00 � 19,67 
Total transformation � 19,67      � 19,67 
Residential 102,34     270,39 372,73 
Industry 61,89 59,47  127,33 216,55 98,68 563,92 
Transportation   984,83 642,73   1627,56 
Commercial 59,62 0 0 0 0 25,89 85,51 
Public lightning 18,56 0 0 0 0 0 18,56 
Other 19,98  0,02 19,29 1,93 7,49 48,72 
Total demand 262,39 59,47 984,85 789,35 218,49 402,46 2717,00 

Source: Authors 

Fig. 13. The current energy model of Cuenca. 
Source: Authors 

Fig. 14. Sankey diagram (SC1)in Thousand barrel of oil equivalents (KBOE). 
Source: Authors 
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above) is no longer imported. 

3.2.1.2. SC2, the use of small hydropower plants. SC2 shows the energy 
balance if small hydropower plants were installed in urban riverbeds. 
The estimated hydroelectricity production covers 28.38% of the elec-
tricity requirements. In terms of the total energy, the electricity pro-
duced with this technology covers 2.74% of the demand (see Fig. 15 and 
energy balance SC2 in the Appendix). 

3.2.1.3. SC3, the use of PV panels for electricity generation. In this sce-
nario, the electricity imports could be zero since the potential of the 
technology and the resources are sufficient to meet the demand. This 
corresponds to a reduction of only 10.38% in the total urban con-
sumption but has the potential to provide 3.19 times more electricity 
than the current demand. The energy demand remains the same 

compared to the baseline case, but the transformation sector is modified 
(see Fig. 16 and energy balance SC3 in the Appendix). In the energy 
balance, solar energy is the raw material; this is also the case for PV 
systems according to the potential determined in section 3.1.2.2. How-
ever, it would be necessary to resolve the intermittency of solar re-
sources and their imbalance with demands; it would also be necessary to 
complement this method with other resources and consider storage. 

3.2.1.4. SC4, the use of biogas to generate electricity. The electrical power 
available from landfill gas is equivalent to 9.01 kBOE, which represents 
3.43% of the electrical energy that the urban area of Cuenca required in 
2016. It provides 0.33% of the total power requirement. The transport 
sector includes electricity production from biogas generated by the 
decomposition of solid waste (Fig. 17 and energy balance SC4 in the 
Appendix). 

Fig. 15. Sankey diagram (SC2) in Thousand barrel of oil equivalents (KBOE). 
Source: Authors 

Fig. 16. Sankey diagram (SC3) in in Thousand barrel of oil equivalents (KBOE). 
Source: Authors 
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3.2.1.5. SC5, the incidence of solar thermal technology. In this case, the 
transformation is changed to reflect the contribution of solar energy. 
Additionally, in the consumption of the residential sector, both electrical 
and LPG consumption decreases (see Fig. 18 and energy balance SC5 in 
the Appendix). Regarding the residential sector, electricity and LPG 
consumptions decrease by 0.77% and 32.87%, respectively; these re-
sources are currently used for heating water. This represents a reduction 
of 24.06% in energy consumption in this sector. The total energy flows 
decrease by 27.29 kBOE, which corresponds to 1.00% of the total urban 
consumption, compared with the baseline scenario. 

3.2.2. SC6, the integration of all renewable technologies 
This scenario assumes that all RE sources are incorporated and 

supply energy as described in the related scenarios. In the case of elec-
tricity, it is assumed that plants deliver energy in proportion to their 
capacity. Table 14 shows the energy balance under this scenario. Unlike 
the situation presented in Table 13, in the scenario described in 
Table 14, the city has power generation plants (electricity, thermal 

energy or biogas), as well as new resources that can be used (solar en-
ergy, water, wastewater or waste). The result is that 100% of the electric 
power is supplied by urban endogenous sources. Additionally, 12.98% 
of the energy requirements of the entire city are covered. Fig. 19 shows 
the energy flows. 

Under this approach, the urban energy model indicated in Fig. 14 is 
modified as shown in Fig. 20. In this case, there is a new paradigm 
because it is assumed that energy can be produced within the limits of 
the city. 

The main implication of these results is that fuels are predominantly 
the main consequence of transport loads. Therefore, in a more sustain-
able scenario, exceeding power could be used for feeding public trans-
portation. In Cuenca, there are 128,000 registered vehicles. Of these, 
465 are public transport buses that travel approximately 250 km/day on 
average. The city also has approximately 3500 taxis that travel an 
average of 170 km/day [18]. With these daily routes, it has been esti-
mated that a bus transport unit has an energy yield of 0.81 km/kWh, 
while a taxi has an energy yield of 8.90 km/kWh [19]. In other words, if 

Fig. 17. Sankey diagram (SC4) in in Thousand barrel of oil equivalents (KBOE). 
Source: Authors 

Fig. 18. Sankey diagram (SC5) in Thousand barrel of oil equivalents (KBOE). 
Source: Authors 
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these vehicles are replaced by electric vehicles (EV), it is estimated that 
52,38 GWh would be required to supply energy to the bus fleet, and 24, 
40 GWh would be needed to supply energy to the taxi fleet. The total 

energy produced by PV, hydroelectric and biogas energy from landfills is 
1578.84 GWh, while the energy demand of the city of Cuenca for the 
base year was 423 GWh; consequently, the available energy could 

Table 14 
Energy balance SC6 (kBOE).   

EE NG GA DI FO LPG Bio Solar Hydro DHW MSW Ww Total 

Production 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1540.53 22.32 0.00 6.04 65.36 1634.26 
Import 0.00 59.47 984.85 764.54 218.49 313.58 0.00 0.00 0.00 0.00 0.00 0.00 2340.93 
Export 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total supply 0.00 59.47 984.85 764.54 218.49 313.58 0.00 1540.53 22.32 0.00 6.04 65.36 3975.18 
Solar thermal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 � 95.97 0.00 62.38 0.00 0.00 � 33.59 
Electrical plants 281.29 0.00 0.00 0.00 0.00 0.00 0.00 � 1444.57 � 22.32 0.00 � 6.04 0.00 � 1191.64 
Wastewater biogas 0.00 0.00 0.00 0.00 0.00 0.00 30.72 0.00 0.00 0.00 0.00 � 65.36 � 34.64 
Distribution � 19.69 0.00 0.00 0.00 0.00 0.00 � 5.91 0.00 0.00 0.00 0.00 0.00 � 25.60 
Total transformation 261.60 0.00 0.00 0.00 0.00 0.00 24.80 � 1540.53 � 22.32 62.38 � 6.04 � 65.36 � 1285.47 
Residential 101.55 0.00 0.00 0.00 0.00 181.51 0.00 0.00 0.00 62.38 0.00 0.00 345.44 
Industry 61.89 59.47 0.00 127.33 216.55 98.68 0.00 0.00 0.00 0.00 0.00 0.00 563.92 
Transportation 0.00 0.00 984.83 617.92 0.00 0.00 24.80 0.00 0.00 0.00 0.00 0.00 1627.56 
Commercial 59.62 0.00 0.00 0.00 0.00 25.89 0.00 0.00 0.00 0.00 0.00 0.00 85.51 
Public lightning 18.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 18.56 
Other 19.98 0.00 0.02 19.29 1.93 7.49 0.00 0.00 0.00 0.00 0.00 0.00 48.72 
Total demand 261.60 59.47 984.85 764.54 218.49 313.58 24.80 0.00 0.00 62.38 0.00 0.00 2689.71 

Source: Authors 

Fig. 19. Sankey diagram (SC6) in Thousand barrel of oil equivalents (KBOE). 
Source: Authors 

Fig. 20. Current and suggested energy models (courtesy: WIT Press).  
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supply all public transportation, at least. 
Power surpluses could be stored in storage cells to improve match-

ing, which increases self-supply in buildings; this process has already 
been analysed in the local context by the authors [5]. Another alterna-
tive is to use surplus electricity to produce hydrogen by electrolysis, 
which can then be used to feed the fuel cells of nitrogen vehicles [6]. 

The investment required if RE use is intensified for the scenarios 
involving PV systems may be the main impediment to the intensive 
application of this technology (an installed power of 1137 MW would 
require an investment of USD 1433.79/kW). In Ref. [88], it is estimated 
that the price of energy in this scenario would be 0.12 USD/kWh, 
compared to 0.0933 USD/kWh, of the electricity tariff in Ecuador, but 
the bulk of this difference arises from government subsidies for fossil 
fuels. If these subsidies are directed towards clean and urban energy 
sources, the scenario becomes promising. 

3.2.3. Summary of the main results 
Fig. 21 summarizes the results obtained. It shows how the inclusion 

of energy production in city planning affects the import of energy in the 
proposed scenarios. In both the SC3 and SC6 scenarios, energy flows are 
decreased by approximately 10% and 14%, respectively, mainly due to 
the integration of PV energy production in this urban area. In the rest of 
the scenarios, the decrease is less than 3%. Additionally, the potential 
energy available is noted. In the case of SC3 and SC6, all the electricity 
demand could be met, with a potential surplus that could be applied for 
alternative uses such as EV transport or cooking or as a complement to 
ST technology for water heating [128]. 

The participation or contribution of renewables in the urban energy 
matrix can be obtained from the relationship between RE and the energy 

supply in each scenario. Fig. 22, shows this participation, which is 
related to the quantity of energy that no longer needs to be imported into 
the city. 

4. Discussion 

The estimated potential, despite being based on information from the 
study area, requires a more in-depth analysis that includes the technical, 
environmental, or economic aspects that could limit the widespread 
implementation of each technology. Nonetheless, these results are an 
adequate starting point from which to promote the construction of local 
public policies aimed at changing the energy model of the city. 

Determining the impact of renewables at the urban level is essential 
for a detailed understanding of energy flows and their destinations. 
Following the proposal of Bennett and Newborough [129], the city was 
divided into sectors (residential, commercial, industrial or trans-
portation). Information was collected that allowed the city to be broken 
down into different consumption sectors. The process was analogous to 
those used for national or regional energy planning; hence, the appli-
cation of tools used on those scales made it possible to describe the urban 
metabolism of the city through energy flows. Both the energy balances 
and the Sankey diagrams describe the base situation, allowing the en-
ergy structure of the system to be visualized from the entrances to the 
end uses in enough detail to undertake actions that modify the con-
ventional urban energy structure. 

Under this approach, the analysis of the case in which biomethane is 
used as a substitute for diesel in public transportation estimated a 3.9% 
decrease in the requirements for diesel. In terms of the total energy 
requirement, this decrease does not exceed 1%. In studies carried out in 

Fig. 21. Imported energy and energy production with RE in the scenarios.  

Fig. 22. Contribution of renewable energy sources to the total energy supply of the city.  
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Tartu (Estonia) and in Brazilian cities [36,56], biogas could replace 
between 54.5% and 100% of urban transport fuels, respectively. 
Although those results are not comparable with the 3.9% obtained for 
Cuenca, they are considered acceptable since in Tartu and Brazil, the 
amount of biogas from landfills was determined to be much higher than 
that obtained from wastewater. 

Although the application of this resource may be interesting, tech-
nical reports indicate that it could be increased if organic solid waste is 
added to the treatment. However, this would decrease the placement of 
waste in the landfill and thereby reduce the amount of electricity pro-
duced by waste. On the other hand, in addition to its low decrease in 
energy imports, the use of landfill biogas would be require vehicle en-
gines to be reconditioned. Biogas production by this means is limited not 
only by the lack of incentives in Ecuador but also by the limited expe-
rience with this type of project [130]. 

The electricity generation technologies recommended for imple-
mentation in the city of Cuenca are hydroelectric, PV and landfill biogas 
energy technologies. These results coincide with the resources available 
in the city and with existing ongoing projects. 

Although the results indicate the attractiveness of hydroelectric 
power, the flows and topography of the city’s rivers have not been 
evaluated for energy purposes. It is pertinent to note that at the begin-
ning of the 20th century, hydroelectric projects were located in what is 
currently the urban area of Cuenca. In this scenario (120 GWh), 52% of 
households in the city of Cuenca could be served, which is a lower rate 
than that proposed by Ref. [50] in Beppu (Japan) with the use of hy-
droelectric plants. 

Solar energy stands out because of low seasonal climate variations, 
which affects its stability; in addition, the energy demand is stable 
throughout the year. Another feature is the minimal influence of the 
orientation and inclination of solar panels. Added to this is the hori-
zontal growth of the city and the preference of residents to live in single- 
family homes [131]. This is undoubtedly a characteristic that differs in 
cities where there is more concentration of inhabitants. The estimated 
potential indicates that solar energy could meet the city’s electricity 
demands more than three times over. Despite these possibilities of PV 
energy, a smart grid scenario is required to control the time-production 
mismatches [132]. In the case of PV energy, the supply is variable but is 
related to the estimated value. In Dhaka (Bangladesh), Jamal et al. [55] 
estimated a supply of 15%; in Zernez (Switzerland), Mavromatidis et al. 
[53], the estimate was 64%; and in the scenario considered by Eicker 
et al. [40], an supply of up to 100% was estimated for Munich 
(Germany). 

Regarding the source of biogas, a 1 MW electric power plant that uses 
biogas from the city’s landfill has been in operation since 2017. Studies 
evaluating landfill biogas also reported results within the defined 
ranges; in Mexicali (Mexico), for example, it is estimated that biogas 
could supply 6% of electrical energy [48], while in S~ao Paulo and Rio de 
Janeiro (Brazil), the estimates reach 7.30% and 6.73%, respectively 
[49]. 

The scenario that considers the widespread use of solar thermal 
heaters would mainly decrease LPG consumption by 32.87% in the 
residential sector. Regarding residential consumption, the reduction in 
energy requirements is approximately 24%. However, the impact of 
solar thermal heating on the energy matrix does not exceed 1%. Success 
in applying this energy differs. In Mexico, although this alternative may 
be a suitable substitute for the use of liquefied petroleum gas or natural 
gas [57], no position on its use has been reached throughout the country. 
In some Chinese cities, the irruption rate can exceed 90% [103]. The 
reduction of 32.87% is comparable with the calculations of Rosas-Flores 
et al. [57], who estimate that in urban areas of Mexico, reduction rates 
can reach 45.6%, while in Spain, the reduction is 68% [58]. For Con-
cepci�on (Chile), Zalamea and García Alvarado [59] estimate a reduction 
of 75%. This variability is also attributed to the details of the estimates 
and to consumer behaviour and climatic situation of each study area. 

Given the above circumstances, it would seem that the creation of 

self-sustaining urban areas is not feasible; however, there are serious 
approaches that point to a change in the energy model [36]. These 
proposals have arisen precisely because of technological developments 
that would allow the use of the resources available to the city. Given the 
impact that intermediate cities will have in the future, it is essential to 
make proposals aimed at modifying the urban energy model as an 
inescapable condition to guarantee energy supply in the medium term. 

In new locations, planners can immediately establish conditions that 
promote buildings that embrace bioclimatic principles, efficiency in the 
use of energy and the incorporation of renewable technologies [40,62]. 
Technology can help to meet energy demands; however, it requires a 
change in behaviour aimed at avoiding the unnecessary consumption of 
materials and energy [133]. Without the early adoption of urban policy 
measures, it is not possible to effectively promote urban energy use, 
especially on a large scale. Likewise, it follows that this “socio--
technological” transition will not necessarily be immediate and will 
require innovation in both economic and social domains [134]. 

5. Conclusions 

One proposal for decreasing a city’s energy flow is the use of RE; 
however, city planning does not consider RE mechanisms for reducing 
energy imports. Since intermediate cities will have a primary role in the 
future, new policies and planning processes should be designed for and 
applied in these cities to promote the use of RE in urban areas by taking 
advantage of local resources. It is proposed that energy planning should 
be expanded to the city level and be considered only at the national or 
regional level. The intention is for urban planning to include measures 
for ensuring that these technologies are gradually accepted and inte-
grated according to endogenous resources and conditions. 

The incorporation of RE in cities is a relatively new approach; 
therefore, a novel, easily applied methodology was formulated to select 
the most appropriate potential RE technologies, and scenarios were 
developed to determine how the application of these technologies would 
affect urban energy flows. Medium and small cities are best suited for 
the establishment of planning guidelines for energy management. 
Although the present approach was applied to the intermediate city of 
Cuenca, it could be used in other cities, especially in developing 
countries. 

When the methodology was applied to the city of Cuenca, five po-
tential RE sources were identified: one that replaces diesel as a trans-
portation fuel, three that produce electricity and another that allows the 
heating of water for domestic use. The five selected technologies were in 
accordance with existing resources, and related projects are in progress 
or are expected to be launched. 

If a city’s profile is not understood to the presented degree of detail, 
the impact of any proposed energy policy cannot be measured; thus, the 
information obtained in this study is valuable for the local environment. 
The LEAP model that is normally used to analyse energy use at a regional 
level was used to characterize and disaggregate the energy demand 
required by the residential, commercial, industrial, transport and other 
sectors in the city. 

The estimated biomethane produced by anaerobic wastewater pro-
cesses can meet the annual demand of 318 buses that currently use 
diesel. This amount represents 1.53% of the total energy required for the 
vehicle fleet or 0.91% of the total energy required by the urban part of 
Cuenca. Among the technologies that produce electricity, PV solar en-
ergy has the greatest impact on energy flows; moreover, it has the po-
tential to provide up to three times the amount of electricity needed. 
Hydroelectric power and landfill biogas could contribute up to 28.38% 
and 3.43% of the electricity requirements, respectively. However, the 
application of these three technologies does not exceed 10% of total 
demand. The use of thermal solar energy for water heating can replace 
the importation of LPG by 32.87%, which corresponds to 1.00% of the 
baseline scenario. The higher potential of solar sources is logical 
considering this city’s location near the equator. 
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These scenarios are optimal insofar as they do not consider technical, 
economic or environmental limitations that could affect the reliability of 
these sources; such consideration should be the next step. Likewise, due 
to the intermittency of solar energy and its imbalance with energy needs, 
more research is required (bidirectionality of the grid or storage) to 
ensure its widespread implementation. In this sense, excess solar energy 
could be assigned to other uses, mainly in transportation. As a main 
conclusion stated, EVs are the best option to alleviate the high demands 
of fossil fuels; furthermore, they could simultaneously could be useful to 
balance the entire grid and maximize the potential of PV energy to 
promote the cleaning of the urban environment. Since electrical energy 
has the capacity to accommodate all kinds of urban demands, including 
thermal and transportation needs, its role in energy matrices is expected 
to increase. 

The incorporation of several technologies into a city represents a 
comprehensive approach that contrasts with those presented in the 
reviewed studies, not only because the most appropriate technologies 
are selected but also because the city’s demands and requirements are 
considered together. Unlike other investigations that examine the 
impact of RE production on part of the energy demand, this research 
considers the whole system, providing a complete and holistic view of 
the city and the application of different technologies. 
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Appendices. 

Energy balance SC1 (kBOE).    

EE GN GA DI FO GLP Bio Ar Total 

Production 0.00 0.00 0.00 0.00 0.00 0.00 0.00 65.36 65.36 
Import 282.13 59.47 984.85 764.54 218.49 402.46 0.00 0.00 2711.95 
Export 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total supply 282.13 59.47 984.85 764.54 218.49 402.46 0.00 65.36 2777.30 
Wastewater biogas 0.00 0.00 0.00 0.00 0.00 0.00 30.72 � 65.36 � 34.64 
Wastewater biogas � 19.75 0.00 0.00 0.00 0.00 0.00 � 5.91 0.00 � 25.66 
Total transformation � 19.75 0.00 0.00 0.00 0.00 0.00 24.80 � 65.36 � 60.30 
Residential 102.34 0.00 0.00 0.00 0.00 270.39 0.00 0.00 372.73 
Industry 61.89 59.47 0.00 127.33 216.55 98.68 0.00 0.00 563.92 
Transportation 0.00 0.00 984.83 617.92 0.00 0.00 24.80 0.00 1627.56 
Commercial 59.62 0.00 0.00 0.00 0.00 25.89 0.00 0.00 85.51 
Public lightning 18.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 18.56 
Other 19.98 0.00 0.02 19.29 1.93 7.49 0.00 0.00 48.72 
Total demand 262.39 59.47 984.85 764.54 218.49 402.46 24.80 0.00 2717.00  

Energy balance SC2 (kBOE).    

EE GN GA DI FO GLP Hydro Total 

Production 0.00 0.00 0.00 0.00 0.00 0.00 87.60 87.60 
Import 207.67 59.47 984.85 789.35 218.49 402.46 0.00 2662.29 
Export 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total supply 207.67 59.47 984.85 789.35 218.49 402.46 87.60 2749.89 
Electrical plants (hydro) 74.46 0.00 0.00 0.00 0.00 0.00 � 87.60 � 13.14 
Distribution � 19.75 0.00 0.00 0.00 0.00 0.00 0.00 � 19.75 
Total transformation 54.71 0.00 0.00 0.00 0.00 0.00 � 87.60 � 13.14 
Residential 102.34 0.00 0.00 0.00 0.00 270.39 0.00 372.73 
Industry 61.89 59.47 0.00 127.33 216.55 98.68 0.00 563.92 
Transportation 0.00 0.00 984.83 642.73 0.00 0.00 0.00 1627.56 
Commercial 59.62 0.00 0.00 0.00 0.00 25.89 0.00 85.51 
Public lightning 18.56 0.00 0.00 0.00 0.00 0.00 0.00 18.56 
Other 19.98 0.00 0.02 19.29 1.93 7.49 0.00 48.72 
Total demand 262.39 59.47 984.85 789.35 218.49 402.46 0.00 2717.00  

Energy balance SC3 (kBOE). 
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EE GN GA DI FO GLP Solar Total 

Production 0.00 0.00 0.00 0.00 0.00 0.00 1567.41 1567.41 
Import 0.00 59.47 984.85 789.35 218.49 402.46 0.00 2454.62 
Export 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total supply 0.00 59.47 984.85 789.35 218.49 402.46 1567.41 4022.03 
Electrical PV contribution 282.13 0.00 0.00 0.00 0.00 0.00 � 1567.41 � 1285.28 
Distribution � 19.75 0.00 0.00 0.00 0.00 0.00 0.00 � 19.75 
Total transformation 262.39 0.00 0.00 0.00 0.00 0.00 � 1567.41 � 1305.03 
Residential 102.34 0.00 0.00 0.00 0.00 270.39 0.00 372.73 
Industry 61.89 59.47 0.00 127.33 216.55 98.68 0.00 563.92 
Transportation 0.00 0.00 984.83 642.73 0.00 0.00 0.00 1627.56 
Commercial 59.62 0.00 0.00 0.00 0.00 25.89 0.00 85.51 
Public lightning 18.56 0.00 0.00 0.00 0.00 0.00 0.00 18.56 
Other 19.98 0.00 0.02 19.29 1.93 7.49 0.00 48.72 
Total demand 262.39 59.47 984.85 789.35 218.49 402.46 0.00 2717.00  

Energy balance SC4 (kBOE).    

EE GN GA DI FO GLP MSW Total 

Production 0.00 0.00 0.00 0.00 0.00 0.00 23.72 23.72 
Import 273.12 59.47 984.85 789.35 218.49 402.46 0.00 2727.74 
Export 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total supply 273.15 59.47 984.85 789.35 218.49 402.46 8.99 2736.75 
Electrical plants (Bio) 9.01 0.00 0.00 0.00 0.00 0.00 � 23.72 � 14.70 
Distribution � 19.75 0.00 0.00 0.00 0.00 0.00 0.00 � 19.75 
Total transformation � 10.74 0.00 0.00 0.00 0.00 0.00 � 23.72 � 34.45 
Residential 102.34 0.00 0.00 0.00 0.00 270.39 0.00 372.73 
Industry 61.89 59.47 0.00 127.33 216.55 98.68 0.00 563.92 
Transportation 0.00 0.00 984.83 642.73 0.00 0.00 0.00 1627.56 
Commercial 59.62 0.00 0.00 0.00 0.00 25.89 0.00 85.51 
Public lightning 18.56 0.00 0.00 0.00 0.00 0.00 0.00 18.56 
Other 19.98 0.00 0.02 19.29 1.93 7.49 0.00 48.72 
Total demand 262.39 59.47 984.85 789.35 218.49 402.46 0.00 2717.00  

Energy balance SC5 (kBOE).    

EE NG GA DI FO LPG Solar Heat Total 

Production 0.00 0.00 0.00 0.00 0.00 0.00 95.97 0.00 95.97 
Import 281.29 59.47 984.85 789.35 218.49 313.58 0.00 0.00 2647.03 
Export 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total supply 281.29 59.47 984.85 789.35 218.49 313.58 89.82 0.00 2709.40 
Solar thermal 0.00 0.00 0.00 0.00 0.00 0.00 � 95.97 62.38 0.00 
Distribution � 19.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 � 19.69 
Total transformation � 19.69 0.00 0.00 0.00 0.00 0.00 � 95.97 62.38 � 19.69 
Residential 101.55 0.00 0.00 0.00 0.00 181.51 0.00 62.38 345.44 
Industry 61.89 59.47 0.00 127.33 216.55 98.68 0.00 0.00 563.92 
Transportation 0.00 0.00 984.83 642.73 0.00 0.00 0.00 0.00 1627.56 
Commercial 59.62 0.00 0.00 0.00 0.00 25.89 0.00 0.00 85.51 
Public lightning 18.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 18.56 
Other 19.98 0.00 0.02 19.29 1.93 7.49 0.00 0.00 48.72 
Total demand 261.60 59.47 984.85 789.35 218.49 313.58 0.00 62.38 2689.71  
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