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This paper estimates the potential for hydrogen production via electrolysis from hydro-

power coming from spilled turbinable energy of the hydroelectric plants of Ecuador. As a

case study, the use of hydrogen in fuel cell-powered vehicles in public transportation in

Cuenca city is analyzed. The technical and economic analysis determine the size of the

electrolytic plant as well as the cost of hydrogen production, valued at 1.77 US$/kg in the

best-case scenario. When compared to the price at which the State buys diesel in the in-

ternational market, the results show that the cost of hydrogen is only 0.64 times the cost of

diesel. In addition, the favorable impact of hydrogen penetration is calculated from both

environmental and economic points of view. This study concludes that hydrogen pro-

duction from untapped hydropower and its use in Cuenca's urban transport is a niche

opportunity for leading the country towards a Hydrogen Economy.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

The disadvantages of the current energy system based on the

use of fossil fuels are widely recognized. The most important

drawbacks of the systemare: the certainty of disappearance of

fossil fuels in the medium term, making these sources un-

sustainable; their uneven geographical distribution, favors

geopolitical conflicts causing the instability of the energy

market causing a difficult energy planning and countries

development; and environmental pollution mainly for the

indiscriminate burning of these fuels. Today is necessary a

deep conceptual and structural change in theway that human
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society uses the energy to meet its needs [1], It explains the

renaissance of the use of renewable energy sources, high-

lighting that, in 2013 they accounted 19% of global energy

consumption and 22% of electricity generation, with a global

investment in the order of US $ 213 billion [2].

However, there are two limitations related to renewables

energies e RE slowing its advance: the intermittence for har-

vesting them and the difficulty of storing their surplus. In this

scenario Hydrogen (H2) is emerging as a new energy vector

that could contribute significantly to overcome these limita-

tions, especially the second one by providing an appropriate

and efficient mechanism to both storing and transporting

energy [3]. Thus, in Solar-Hydrogen Energy System e SHES, RE
ished by Elsevier Ltd. All rights reserved.
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Nomenclature

Acronyms

ARCONEL agency for regulation and control of electricity

BOE barrel of oil equivalent

CDM clean development mechanism

CELEC EP Strategic Public Enterprise Electric Corporation

of Ecuador

CENACE National Center for Energy Management of

Ecuador

CERs certified emission reductions

CONELEC National Electricity Council of Ecuador

EMOV EP Municipal Public Enterprise of Mobility, Traffic

and Transportation of Cuenca

FC fuel cells

FCV fuel cell vehicles

GHG green house gases

HHV higher heating value

IDB Inter-American development bank

IPCC Intergovernmental panel on climate change

IRR internal rate of return

LPG liquid petroleum gas

NPV net present value

NREL national renewable energy laboratory

PEM proton exchange membrane

RE renewable energies

SHES solar-hydrogen energy system

SNI interconnected national system

VOCs volatile organic compounds

ZEV zero emissions vehicle

Parameters

CF capacity factor, adimensional

HHV H2 high heat value, kWh/kg

Eo overall efficiency, adimensional

Fa availability factor, adimensional

⍴H2O water density, kg/m3

G gravity, m/s2

FM management factor, dimensionless

RH2 performance of H2 buses, kg/km

RD performance of diesel buses, l/km

CUE electrolyzer unit energy consumption, kWh/kg

Tw water tariff, US$/m3

DI power plant availability, h

n life time period, year

d active interest rate, dimensionless

FRC capital recovery factor, dimensionless

OM O&M rate, dimensionless

Variables

STE spilled turbinable energy, MWh

PMHIDRO mini-hydro potential, MW

EMHIDRO mini-hydro electrical energy, MWh

PH2 annual production hydrogen, kg/year

EEXC excess energy, J

V spilled volume, m3

H height of the waterfall, m

DH2 traveled distance by vehicles powered by H2, km/

year

DG traveled distance by vehicles powered by gasoline,

km/year

DS traveled distance by vehicles powered by diesel,

km/year

RAB annual distance traveled by the urban bus fleet,

km

CEG cost of electricity generation, kWh/kg

PH2V annual H2 production (volume), m3/year

CAE annual electricity consumption, kWh/year

CEG cost of electricity generation, kWh/kg

CE annual electricity cost, US$/year

Cw annual water consumption, m3/year

CWATER annual water cost, US$/year

CINS annual input cost, US$/year

P power of electrolysis plant, MW

CEL electrolyzer unit cost, $/kW

CIE electrolyzer installation cost, $

CINV annual investment cost, $/year

COM annual O&M cost, $/year

CTP total production cost, $/kg H2
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are the primary sources and H2 the secondary source, or en-

ergy carrier, it's being considered as an innovative energy

structure, that could fullymeet the society power needs by the

middle of this century within the framework of the so-called

Hydrogen Economy [4]. In the SHES, the H2 is obtained from

RE, and then stored, transported, distributed and produced

through end-use technologies in which the chemical energy

contained in H2 is transformed to useful forms such as heat

and electricity [5].

Among the several options to obtain H2 in a SHES, elec-

trolysis, the breaking of a water molecule by applying elec-

tricity, is one of the more efficient and less pollutant way,

especially in the case of hydropower, where the generation

cost is the key variable to be considered into the SHES0 total
cost structure [6]. In this way, the H2O electrolysis from hy-

droelectricity will be cost-effective where this energy source is
abundant and cheap. It's no coincidence, that countries with

large hydropower potential such as Canada, U.S.A., Brazil and

Norway have undertaken ambitious development projects of

SHES, by estimating their production capacity of electrolytic

H2. Similar studies also have been done in several Latin

American countries. These experiences are shown below and

the methods used for such estimations are described.

The H2 estimation that could be obtained from the hydro-

power potential for a country or region has been done through

two ways, without ruling out other methodological ap-

proaches that could be used. The first way is simply assume

that a percentage of the economic hydropower potential

available is used for the production of H2 by electrolysis. Thus

in Ref. [7] the potential production of electrolytic H2 in

Venezuela from different RE types is quantified and, in the

case of hydropower, it is considered the potential of mini-
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hydro plants, defined as the generation capacity up to 50 MW

per installation.

The second way of assessing the amount of H2 obtainable

from hydropower is based on the called hydroelectricity in

excess or STE [8], understood as the power that could be

generated from turbinable water that must be spilled due to:

demand reduction or high values of inflow to the dambecause

of the season or operational reasons. The use of this excess

energy to produce H2 improves the capacity factor and the

efficiency of the plant [9]. This form of renewable H2 produc-

tion has been studied in several countries being Brazil one of

the pioneers, probably because its large hydroelectric poten-

tial estimated in 260 GW [10]. In this regard, in the northeast of

Brazil was analyzed the production of electrolytic H2 by the

combination of solar and wind energy and hydroelectricity in

excess. The volume of H2 obtained, 56.26� 106 m3 H2/year at a

cost of 10.3 US$/kg, would be for export [11]. Similarly, an in-

ventory of the amount of the spilled turbinable water from the

100 largest hydroelectric plants in the country was done

concluding that the electricity that could be produced is

106 TWh, equivalent to 30% of total production in Brazil for

year 2008. This water amount would produce 3.22 � 109 kg of

H2, assuming 33 kWh per kg of H2 obtained, which would be

used to power fuel cells for automotive use, avoiding the

emission of 5.7 � 107 t CO2/year [12].

A more specific study to quantify the surplus hydropower

was conducted in order to determine the turbinable spilled

water from Iguazú, the largest Brazilian dam. By considering

themonthly average volumeof spilledwater, for a period of six

years, the analysis obtained a maximum value of energy gen-

eration in excess of 1,054,899 MWh and a minimum of

9559MWh.Themost important result fromthe study indicates

that energy demand to produce enough electrolytic H2 tomove

the entire fleet of public transport in the city of Foz de Iguazú,

was estimated between 1.5% and 8.5% of that energy in excess,

it indicates the magnitude of the energy potential that is not

used [8]. Similarly, in Paraguay it has been studied the H2 pro-

duction by using the STE from Iguazú dam (sharedwith Brazil).

The study proposes H2 to produce hydro-methane as a fuel for

vehicles instead of natural gas [13]. This study is com-

plemented by a recent paper published by the same authors

consisting of a thermo-economic analysis of H2 production

from hydropower. This is a large scale analysis including

storageanddistribution toward supply stations for automotive

transportation, emphasizing the option of hydro-methane as

an alternate energy vector of H2, in order to reduce the asso-

ciated costs when implementing such infrastructure [14].

In Colombia the production of electrolytic H2 has been

analyzed from energy excess at the Amoy�a hydroelectric

plant, located in the center of the country, with the aim of

providing energy, in the form of electricity and heat for

meeting the needs of a hypothetical population of 16,000 in-

habitants located near to the production site [15].

In North America, NREL has estimated the potential pro-

duction of H2 from renewable and nonrenewable sources

[9,16]. In the case of hydropower it's considered that 30% of the

annual electricity production generated from 1321 plants in

the country can be considered excess hydropower. This en-

ergy might be directed to hydrogen production obtaining a

value of 1 � 106 tonnes of H2 for year 2006 [16]. In Canada it
was proposed the production of H2 by electrolysis from sur-

plus hydropower in a plant located in the northwest of the

country, with an average of 63% of idle capacity, resulting in a

production between 4 and 7 tonnes of H2 for day, depending

on the system operation of the electrolysis plant [17].

Finally in Ecuador the production of H2 by electrolysis from

excess hydropower from the Paute-Molino power plant was

analyzed, located in the south of the country, establishing the

useofH2asanenergycarrier andchemical feedstock forvarious

industrial processes. The study suggested that 30%of the spilled

water from the dam in year 2011 could be used to generate

additional electricity for the production of H2. The analysis

considers two scenarios dependingon theamountof turbinable

water forH2production; thefirst assumes30%of its annual total

obtaining available energy in the order of 293.3 GWh/year, the

second duplicates this amount reaching an annual H2 produc-

tionof 5400 t/year and10,802 t/year, respectively.Asa result, the

capacity factor of the plant increases 5% and 10% for each sce-

nario. The calculation is based on energy consumption by the

electrolyzer of 52.3 kWh per kg of H2 [18].

This review shows that H2 production from hydroelectric-

ity is an open topic within the SHES analysis and its potential

use has attracted the interest, particularly in the Latin

American region due to its enormous hydropower potential,

placing H2 as a sustainable and efficient alternative to meet

the energy requirements in different sectors of society. How-

ever, after the analysis of the studies conducted so far it can be

presumed that the percentage of usable spills included in the

calculations are the product of rough estimates that do not

show in detail both the historical behavior of such discharges

and the actual percentage of availability for H2 production. In

that sense, the amount obtained in several cases might be

largely overestimated. This article aims to overcome these

methodological and procedure limitations by considering, for

the proposed case of study, actual STE values for H2

production.

In this context, the main purpose of this paper is to esti-

mate the potential production of H2 in Ecuador from the

available STE in the country and its subsequent use in two

geographical areas. The first one will cover the whole country

whereas the second will analyze the Andean city of Cuenca,

capital of Azuay province, located in the southern region. In

the latter case, three penetration scenarios of the H2 carrier

are raised within the urban public transport depending on the

level of demand coverage. Both environmental and economic

impacts of such a penetration are also estimated, which al-

lows assessing the role of this energy carrier as contributor to

characterize Cuenca as a sustainable city in Latin America and

incorporating Ecuador to the Hydrogen Economy. Finally, the

study seeks to provide elements that can contribute to the

transformation of the Ecuadorian energy matrix towards a

structure dominated by RE.
Hydropower potential

Concept of hydropower potential

Hydropower is a type of RE that takes advantage of both ki-

netic and potential energy from water in order to produce

http://dx.doi.org/10.1016/j.ijhydene.2015.08.109
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electricity. Thus hydropower potential, i.e. the generating

potential from hydropower, depends on the flow rate and the

height gradient due to the difference between two water

levels. These two variables will ultimately determine the

exploitable potential and also the technology to use in a

particular hydroelectric project.

Similar to other RE sources, hydropower potential is clas-

sified into theoretical, technical and economic. The first one is

a measure of the available water resources in a river system

for energy production. It assumes that all the water that

drains into a course is capable of generating electricity in

function of flow and height with 100% of efficiency. Theoret-

ical potential is then a measure of the total hydraulic natural

resources for energy production [19].

While theoretical potential represents a value hypotheti-

cally available, it is virtually unfeasible, largely by technical

limitations to use it. Thus the technical potential arises which

represents the amount of energy to be generated taking into

account the turbinable flow and the gross height, and

considering the existing conventional technologies. Mean-

while, the economic potential is that part of the technical

potential that could really be put into service with economic

feasibility taking into account the cost of the energy obtained

and its relation to other forms of electricity generation [20].

Hydropower potential in Ecuador

Historically, Latin America has been a world front-runner in

hydroelectricity generation and consumption, with a wide

lead over various regions of the world. Even discounting Bra-

zil's contribution, the average hydroelectric production in the

region is more than twice the world average [10]. With regard

to Ecuador, its hydroelectric potential is determined by the

geomorphological conditions of the country, with the pres-

ence of the Andes from north to south, dividing the territory

into two main sheds of water, called the Amazon basin and

the Pacific basin. Theoretical hydropower potential is ob-

tained from the combination of total average flow, calculated

as 15,123 m3/s, and the difference of height levels, obtaining a

value of approximately 93.4 GW, equivalent to 615,175 GWh/

year [21]. Meanwhile, in Ref. [22] it is stated that the country's
hydroelectric potential is 91 GW for the theoretical potential;

31 GW for technical potential and 22 GW for economic po-

tential; but without giving further details on these estimates.
Table 1 e Main hydropower plants in Ecuador.

Company Power plant Effective
power (MW)

CELEC EP HIDROPAUTE Paute-Molino 1100

Paute-Mazar 170

CELEC EP HIDROAGOYAN San Francisco 230

Agoy�an 156

Pucar�a 73

CELEC EP HIDRONACION Daule Peripa 213

Baba 42

EE QUITO Cumbay�a 40

Nay�on 29.7

HIDROABANICO Hidroabanico 37.5
A more representative indicator of the hydroelectric po-

tential of a country would be the density of hydropower po-

tential or relative theoretical potential, defined as the

theoretical hydropower potential per area unit of the country.

Regionally, Ecuador ranks sixth out of twenty countries,

exhibiting a value of 0.62 GWh/km2 [10].

From the economic potential identified for Ecuador, it is

barely exploited around 10%, as the installed power capacity is

2245 MW by year 2013 [23], value achieved in 55 existing hy-

droelectric plants. Table 1 shows the ten largest plants, with a

total effective capacity of 2054.2 MW [24].

If these plants are added to plants under construction or

starting their operation, with public and private investment, it

would have the addition of 3363 MW, which would increase

the installed hydropower capacity to 5608 MW in 2018 [25].

This amount is equivalent to 25.5% of the economic hydro-

power potential, being left 16,392 MW to take advantage.
H2 production from hydropower in Ecuador

The estimate of the amount of H2 that could be obtained from

Ecuador's hydroelectric potential can be done considering the

two approaches outlined for other countries. In the first case,

from the generation projects in different stages of develop-

ment registered in CONELEC,1 about 10% is mini-hydro type

[25]; therefore, it is valid to assume that 10% of the economic

hydroelectric untapped potential available is mini-hydro,

such that:

PMHIDRO ¼ 16,392 MW � 0.1 ¼ 1639.20 MW (1)

The electrical energy associated with this potential is

calculated assuming its availability throughout the year and a

capacity factor e CF equals to 57%, which is an average value

resulting of the operation of Paute-Molino power plant in the

period 2010e2014 [26], such that:

EMHIDRO ¼ 1639.2 MW � 8760 h � 0.57 ¼ 8.18 � 106 MWh (2)

For the calculation of H2 to be produced from this amount

of energy it must be estimated the power required by both the

electrolyzer to break the molecule of H2O and get H2 and by

auxiliary equipment, and further weight the losses of the

whole production process. For this the HHV of H2, equals to

39.4 kWh/kg, is used given an efficiency Eo of 75% from the

electrolytic process and a factor Fa of 95% [6], as shown in

Eq. (3):

PH2
¼ Emhidro � Eo � Fa

HHV
¼ 1:48 � 108 kg H2=year (3)

The second way of assessing the amount of H2 to be ob-

tained from hydroelectricity in Ecuador is based on using the

STE of hydropower plants with dams under operation. The
1 In January 2015 the “LEY ORG�ANICA DEL SERVICIO PÚBLICO
DE ENERG�IA EL�ECTRICA” was issued in Ecuador. This new law
creates ARCONEL instead of CONELEC.
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Fig. 1 e Average spills by dam and total spill (m3 £ 106).

Period 2007e2013.

Table 3 e Maximum and outflow levels in dams (m).
Period 2007e2013.

Amaluza Mazar Pisayambo Daule Peripa

Maximum

operation level

1991 2153 3569 85

Outflow level 1323 2007 3125 17
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country has four power plants with regulating reservoirs

located in different river watersheds: Mazar dam, with a

monthly flow regulation, responsible for regulating the in-

come flow to Amaluza dam of the Paute-Molino plant, turning

the latter into a reservoir of weekly regulation, which has

raised the capacity factor of this plant. Another reservoir with

a seasonal regulation is Daule-Peripa of Marcel Laniado hy-

droelectric plant, located in the Coastal province of Guayas.

Although the main purpose of this dam is the management

and control of irrigation and flooding in the upper basin of the

Guayas River, its operation allows seasonal flowmanagement

to be used in the power generation of such a plant. The fourth

one is Pucara hydroelectric plant, in the Andean province of

Tungurahua that has associated the Pisayambo reservoir.

Methodologically, this study is based on processing the

information related to spills from the four reservoirs identi-

fied. This information is available in annual reports by CEN-

ACE, and whose evolution in the period 2007e2013 is

presented in Table 2 [26]. It has been preferred to manage the

hydrological behavior of reservoirs in a given time period

rather than in a specific year, because it's a better technical

representation of such a behavior.

Additionally, in Fig. 1 the average spill of each reservoir and

total spill are shown in the period 2007e2013, appreciating a

high variability among reservoirs depending on their activity.

Also, in the aforementioned annual reports [27], the

average annual levels of the reservoirs, during the analysis

period are presented. However, for the purpose of this study it

is more important to know both themaximumoperation level

of dams, which represents the limit height before dumping

occurs, and the river outflow, understood as the height at

which water is replenished to the river. Both quantities are

measured as meters above sea level e m.a.s.l. (Table 3). The

difference between the two levels represents the height of the

waterfall, or head of water, which is the value to consider

when calculating the energy excess.

Potential of H2 production

Annual average case
From the information contained in Tables 2 and 3 related to

the average value of spills and levels for each reservoir in the

period of study, it is possible to obtain the amount of power

available, by Ref. [12]:

EEXC ¼ ⍴H20 g V H (4)

Then, by applying Eq. (3) H2 production is obtained (Table 4)

assuming in the calculation that all the available energy is
Table 2 e Annual spills by dam and total. Period 2007e2013 (m

2007 2008 2009

Amaluza 770 704 379

Mazar 0 0 0

Pisayambo 0 0 0

Daule-Peripa 0 1807 0

Total 770 2511 379
intended to this production. This is an unrealistic scenario

knowing that the total spill volume does not always respond

to a reduction in energy demand or availability of “lazy” gen-

eration units that could be enabled for H2 production, but also

depends on the operating conditions of SNI. However, this

ideal situation can be considered as the reference scenario.

In order to have a reference framework of the H2 produc-

tion, represented by the average of the analysis period, Table 5

is presented taking into account that an accurate comparison

is not possible because each of the studies was made for

particular contexts, time and conditions.

It can be seen that although the H2 production in Ecuador is

the smallest one, its order of magnitude is agree with the

country's size and its hydroelectric potential, measured in

terms of the available energy in excess.

Monthly average case
An alternative to the previous approach is to calculate the H2

amount for monthly average values during the period

2007e2013, taking into account that the amount of STE, and

therefore the available energy, is highly dependent on both

the hydrology and themonth considered. Table 6 presents the

average monthly values of the spills during the period of

study.
3 £ 106).

2010 2011 2012 2013

14 778 273 179

149 715 208 517

0 1 171 74

0 199 1646 385

163 1693 2297 1156

http://dx.doi.org/10.1016/j.ijhydene.2015.08.109
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Table 4 e Annual Hydrogen to be produced by dam and total. Period 2007e2013.

Year/Dam AMALUZA Mazar PISAYAMBO DAULE-PERIPA Total (kg/year)

2007 2.54 � 107 e 0.00 0.00 2.54 £ 107

2008 2.32 � 107 e 0.00 6.06 � 106 2.93 £ 107

2009 1.25 � 107 e 0.00 0.00 1.25 £ 107

2010 4.65 � 105 1.07 � 106 0.00 0.00 1.54 £ 106

2011 2.56 � 107 5.15 � 106 1.84 � 104 6.67 � 105 3.14 £ 107

2012 8.98 � 106 1.50 � 106 3.75 � 106 5.52 � 106 1.97 £ 107

2013 5.90 � 106 3.72 � 106 1.63 � 102 1.29 � 106 1.25 £ 107

Table 5 e Comparison between the H2 to be produced in
Ecuador and studies in other countries.

Country H2 (kg/year) Year

Brazil [7] 3.22 � 109 2009

Venezuela [6] 7.14 � 108 2014

USA [10] 1.00 � 109 2009

This study (Ecuador) 1.25 � 107 2015

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 5 4 3 2e1 5 4 4 7 15437
Applying the same procedure to calculate the H2 produc-

tion for the ideal scenario, the monthly values are obtained by

reservoir (Table 7). Fig. 2 presents the total monthly produc-

tion of H2 appreciating that it varies between a minimum of

1.04 � 105 kg H2/month (October) and 5.94 � 106 kg H2/month

(July). This behavior is because the final three months of the

year correspond precisely to the period with fewer discharges

due to seasonally, while the highest value in July corresponds

to the rainy season, both on the coast and in the east, which

implies a larger water volume in the tributaries of the reser-

voirs. This behavior will be crucial to evaluate the use of H2 in

the transport sector in selected geographical areas (see

Table 8).
Final use of hydrogen

The chemical energy contained in the H2 can be exploited in

several ways: by combustion in internal combustion engines,

burners or other similar device to produce mechanical power

and heat; or by the electrochemical reaction in fuel cells for

producing electricity. Furthermore, its use may be located in

different sectors of the economy: residential, commercial,
Table 6 e Average spills by dam and total average per month.

Amaluza mazar

January 6.03 17.89

February 19.48 0.00

March 8.00 0.67

April 50.05 14.40

May 56.19 41.77

June 117.85 50.02

July 141.62 210.06

August 45.30 54.15

September 14.06 13.17

October 0.52 0.05

November 16.19 2.44

December 6.46 11.30

Source [25].
transportation, industrial. This study considers the potential

use of H2 in the transport sector, in vehicles being powered by

fuel cells, whose characteristics and benefits have been

extensively studied [28,29].

The transport sector in Ecuador
This sector of the economy is highly energy intensive, with a

sustained upward trend in the last decade, representing as

much as 49% in 2013 of the overall energy consumption in the

country, equivalent to 48,551 kBOE. The percentage distribu-

tion of this consumption for 2013 is presented in Fig. 3,

showing the wide prevalence of gasoline and diesel, while the

use of electricity and LPG in this sector is marginal, 0.01% and

0.2% respectively, so that they are not represented herein.

The energy consumption in the transportation sector ac-

counts for emissions to the atmosphere of 2.05 � 104 ktCO2/

year, representing 44.15% of total CO2 emissions from Ecuador

[23]. Besides the environmental implications, the progressive

consumption in mobility based on fossil fuels has economic

and social implications, as 100% of diesel and 65% of gasoline

burned in the motor vehicle fleet are imported and then sold

to consumers at subsidized prices. In this scenario any action

to mitigate this great reliance on the use of oil derivatives and

its adverse effects, would be fully justified.

The introduction of the H2 carrier in the Ecuadorian transport
sector
To study the penetration of H2 in the transportation sector, the

ideal hypothetical scenario is proposed, in which 100% of the

spill volume from reservoirs is used for hydropower genera-

tion to H2 production, as this scenario provides the highest use

limit.
Period 2007e2013 (m3 £ 106).

Pisayambo Daule-Peripa Average

2.07 0.00 6.50

2.44 0.00 5.48

2.96 213.91 56.39

2.56 167.79 58.70

3.55 60.06 40.39

2.80 47.26 54.48

4.09 75.59 107.84

5.88 11.99 29.33

4.79 0.00 8.00

3.32 0.00 0.97

0.75 0.00 4.85

0.00 0.00 4.44
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Table 7 e Monthly average production of H2 by dam (kg/
month).

Amaluza Mazar Pisayambo Daule-Peripa

January 1.99 � 105 1.29 � 105 4.53 � 104 0.00

February 6.42 � 105 0.00 5.34 � 104 0.00

March 2.63 � 105 4.85 � 103 6.48 � 104 7.17 � 105

April 1.65 � 106 1.04 � 105 5.61 � 104 5.63 � 105

May 1.81 � 106 3.01 � 105 7.77 � 104 2.01 � 105

June 3.47 � 106 3.60 � 105 6.12 � 104 1.58 � 105

July 4.09 � 106 1.51 � 106 8.96 � 104 2.53 � 105

August 1.29 � 106 3.90 � 105 1.29 � 105 4.02 � 104

September 4.96 � 105 9.48 � 104 1.05 � 105 0.00

October 3.07 � 104 3.42 � 102 7.27 � 104 0.00

November 4.87 � 105 1.76 � 104 1.65 � 104 0.00

December 1.51 � 105 8.13 � 104 0.00 0.00

TOTAL DAM 1.46 � 107 2.99 � 106 7.71 � 105 1.93 � 106

Fig. 2 e Monthly average production of H2 in Ecuador (kg/

month). Period 2007e2013.
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The procedure to determine the feasibility of replacing

gasoline and diesel by H2 is based on determining the per-

centage of such a replacement and if it reaches appropriate

values. For this, the annual distance traveled by vehicles

powered by gasoline and diesel is estimated, and then

compared to the distance to be traveled by vehicles using FC.

This comparison is based on the consumption performance of

the three fuels and on the H2 production obtained from the

surplus hydropower generation. For obtaining the density of

mass and energy of the three fuels the values presented in Ref.

[30] were used, while for each performance the values yields

fromRef. [12] are considered. Calculations are done for 2013 as

an annual case, whereas for the monthly case the average

monthly values of the period of analysis were taken for the

reasons already outlined, assuming a constant monthly value

of gasoline and diesel consumption along the year, as ob-

tained from Ref. [23].

For the annual case it can be noted that the H2 produced

covers only a fraction of the requirements of any of the two

fuels consumed by the Ecuadorian fleet, even considering a

hypothetical scenario of using 100% of spills for the H2 pro-

duction from hydropower, a percentage that is far from the

real value of availability, as discussed later. Even if the option

to satisfy only a percentage of the fleet is considered, the re-

sults would not be flattering to the intended use of H2. In the

monthly case, although the percentage of satisfaction in-

creases, especially in the case of diesel, it is still low and has a

broad monthly variability that makes it unlikely the substi-

tution proposed at the national level. This leads to consider

another scope in which the use of H2 offers better prospects

for viability and feasibility, by combining a localized demand

with H2 production close to it, where the end use might have

significant implications in the selected area. That means a

niche opportunity for using H2 technologies in Ecuador, which
Table 8 e Percentage of gasoline and diesel to be substituted b

DH2 (km/year) Traveled distance

Gasoline, DG

Ideal Scenario 1.14 � 108 3.94 � 1010
encourages their gradual introduction in the transport sector

and in the country's energymatrix. This approach is discussed

below.
A contribution to sustainable transport: Cuenca
case study

Cuenca: sustainable city of Ecuador

The motivation of this case study is directed to the end use of

H2 on public transportation in an urban area of the country in

order to contribute to its sustainability. For this the Andean

city of Cuenca, capital of Azuay province, southern Ecuador

has been chosen. Cuenca is the country's third largest city

with a population of 500,000 inhabitants approximately. Its

geographical location is close to several hydroelectric plants,

fromwhere the energy to produce H2 can be obtainedwith the

aim to power FCV.

Cuenca is the only Ecuadorian city that belongs to the Latin

America and the Caribbean Sustainable Cities Network. This

is a community of 28 cities from 18 countries, sponsored by

the IDB, through its Emerging and Sustainable Cities Initiative

[31]. To qualify as a potentially sustainable city three di-

mensions are analyzed: environmental sustainability, urban

sustainability and fiscal sustainability. These dimensions are

represented by 144 performance indicators, from which

Cuenca accomplishes fully 70, 37 indicators are partially

achieved and 25 have negative evaluation [31]. Among the

latter, with null accomplishment, it is the use of renewable

energy sources in the automotive fleet, situation to which this

study aims contributing to overcome.

An action designed to address mobility problems in a

sustainable way and safeguard its architectural beauty
y H2. Year 2013.

(km/year) Distance ratio (%)

Diesel, DS Gasoline DH2/DG Diesel DH2/DS

4.71 � 109 0.29 2.42
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Fig. 3 e Percentage Distribution of energy consumption in

the Transport sector (Ecuador) by type of fuel.
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(Cuenca was declared a UNESCO World Cultural Heritage Site

in 1999), is an important project called “Tram 4 Rivers”. The

tram, to be operational by mid-2016, will be the largest mass

transit system of the city. Its investment exceeds US$ 232

million and will carry around 120,000 passengers per day [32].

The tram proposes getting articulated with other existing

forms of mobility in the city such as walking, cycling, private

vehicles and, of course, buses. Thus, complementarity be-

tween the tram and urban buses powered by alternative

sources such as electricity or H2-FC, which are environmen-

tally friendly transport technologies, would largely guarantee

meeting the needs for mass mobility of Cuenca's people in a

sustainable way.

Available surplus hydropower

For the case study, the electricity required for the production

of H2 by electrolysiswould be provided by the “Paute- Integral”

Hydroelectric Complex, which consists of 2 plants in opera-

tion and 2 future plants. In its order, following the course of

the Paute River, the first plant is Mazar, in operation since late
Table 9 e Scenarios and percentages of gasoline and
diesel to be substituted by H2.

Month Ideal scenario distance ratio (%)

DH2/DG DH2/DS

January 0.10 0.86

February 0.19 1.61

March 0.29 2.43

April 0.66 5.49

May 0.66 5.54

June 1.12 9.36

July 1.64 13.75

August 0.51 4.29

September 0.19 1.61

October 0.03 0.24

November 0.14 1.21

December 0.06 0.54

Monthly average (2007e2013).
2010, with a 420 � 106 m3 dam that allows a monthly regula-

tion. Mazar has two power generation units at foot of dam,

85 MW of power per unit, for a total installed capacity of

170 MW.

The second hydropower plant, in operation since 1983, is

Molino that has a smaller reservoir of 1� 108 m3, which allows

a weekly regulation. This plant has 1100 MW of power thanks

to 10 generation units and a large net height of water (660 m

approximately, depending on the dam level).

The following plant is Sopladora, which approaches Moli-

no's turbined flow through a direct interconnection. This

project is under construction and its design power reaches

487 MW. It is planned to start its operation during the first

semester of year 2016, so it will be considered in the present

study. Finally, it is Cardenillo plant, whose final studies have

been performed. This project will consist of a small dam with

hourly regulation and an installed capacity of 590 MW. Since

the project has not started its construction yet, Cardenillo will

not be considered in this study.

The underlying concept of STE is that if a hydroelectric

dam is spilling water from its reservoir, its production is not

always at 100% of its installed capacity. There are various and

very different causes for this condition. There are facilities

that have limited infrastructure of the plant itself, the sub-

station or the power transmission system. Other times,

external situations to the plant might happen, for instance,

the power system own conditions such as the low demand

during the night or weekend, usually accompanied by forced

generation close to major load centers in order to maintain

operational conditions. Another common cause is that in sit-

uations where electric losses should be reduced or power

system security must improve, distributed generation from

several plants is preferred instead of increasing the power in a

particular plant.

Whatever the cause, more water than strictly necessary is

spilled, and thus the energy difference between themaximum

capacity and the actually produced is wasted. This STE is not a

direct proportion of the spilled volume but rather is site-

specific as depends on the operating conditions of each

plant. For the authors, this is one of the paper main contri-

butions to several other studies consulted, as noted in the

Introduction section (see Table 9).

In particular, Mazar and Molino power plants’ operational

regimes for the last four years have been studied (since Mazar

came into full operation at the end of 2010). It has been found

as a normal situation that, in spilling conditions, the plants

workswith less than the rated power during dawns, so there is

a STE whose monthly average is presented in Table 10. This

behavior is extensible to Sopladora power plant (when it

started its operation), because it is a project without dam and

its power depends on the flow rate from Molino. In other

words, if Molino increases its energy then Sopladora's energy

will increase accordingly.

It is important to note that the entry into operation in 2011

of Mazar, whose reservoir is four times larger than of Molino's
dam and is located upstream of the latter, led to a sharp

change in the operating regime of Molino power plant (higher

capacity factor and lower discharges). For this reason hence-

forth the present study considers spills and other operating

data for the years 2011 and beyond (Table 10), which may
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Table 10 e Actual monthly averages of available STE in
Mazar, Molino, and Sopladora power plants. Period
2011e2014.

Available STE (MWh)

Month Mazar Molino Sopladora

January 364 672 299

February e e e

March 250 6 3

April 169 6075 2706

May 80 1564 697

June 575 4012 1787

July 4186 31,001 13,810

August 1622 5455 2430

September 11 4264 1900

October 2689 1912 851

November 19 e e

December 47 899 400

Total 10,013 55,859 24,731

% of the total

spilled energy

8.19% 11.91% e

Table 11 e Routes and travels of urban transport in
Cuenca city.

Route
number

Length of the
round route (km)

Number of buses
per route

Total daily
travel (km)a

2 29.87 11 1642.85

3 37.00 20 3700.00

5 25.30 18 2277.00

6 48.60 12 2916.00

7 37.55 28 5257.00

8 33.15 20 3315.00

10 35.32 7 1236.20

12 36.21 18 3258.90

13 43.35 24 5202.00

14 25.34 19 2407.30

15 32.76 13 2129.40

16 43.45 19 4127.75

17 36.23 3 543.45

18 36.92 16 2953.60

19 27.58 14 1930.60

20 35.18 16 2814.40

22 27.34 30 4101.00

23 29.85 6 895.50

24 33.56 19 3188.20

25 24.30 6 729.00

26 39.81 10 1990.50
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differ from the data presented for years prior the entry into

operation of Mazar (Table 6).
27 34.73 21 3646.65

28 39.85 23 4582.75

29 27.55 11 1515.25

Feeder 201 15.84 12 950.40

Feeder 203 12.46 12 747.60

North Trunk 23.50 20 2350.00

South Trunk 24.82 20 2482.00

TOTAL 897.42 448 72,890.30

a Considering a daily average of 5 tours per bus.
The use of H2 in Cuenca's urban bus fleet

For the analysis of this end-use of H2 energy, three scenarios

are proposed to replace gasoline and diesel used in vehicles

with internal combustion engines for H2 vehicles to be pow-

ered by FC, considering electrolytic H2 from hydroelectricity.

Such scenarios are defined by the percentage of replacing

diesel buses in the urban fleet of Cuenca city, equal to 100%,

50% and 10%, and determining the level of satisfaction of each

scenario.

In all cases, the amount of H2 produced to supply buses

equipped with FC, comes from the unused energy in Mazar,

Molino, and Sopladora power plants, which would effectively

be available for that purpose. This analysis is based on his-

torical information of those plants and their dams, during the

period 2011e2014, as presented in Table 10. It is important to

note the average usable energy, while roughly corresponds to

11% of the STE, represents only 1% of the total energy pro-

duced and dispatched to SNI by those plants.

The fleet of public transport buses operating in Cuenca's
urban area consists of 448 units, spread over 28 routes, rep-

resenting approximately 4% of the total registered diesel ve-

hicles in the city. Table 11 shows the routes and other

operational characteristics of the buses fleet [33].

The annual distance traveled by the urban bus fleet, RAB,

equals to 26,240,508 km and was calculated assuming its

operation during 360 days a year. With this figure and

knowing the performance of H2 buses, RH2, as 0.10 kg/km

[12,34,35], the amount of 2.62 million kg H2/year would be

required for that operation. To assess if this requirement can

be satisfiedwith the production of H2 obtained from the use of

the STE fromMolino, Mazar and Sopladora, the total available

energy from these plants (Table 10) is taken into account,

obtaining a value of 1.64 � 106 kg H2/year. This amount of H2

could meet 63% of the energy needs for the entire bus fleet of

Cuenca.
A more precise estimate that represents better the actual

situation consists on taking as baseline the average monthly

production of H2 from the plants already mentioned and uses

the three scenarios for the demand analysis as shown in

Table 12.

From the results of Table 11, it can be determined that the

average satisfaction level for each scenario is 63%, 125%, and

625%, respectively. However this level is not homogeneous,

but rather with large monthly changes as there are months

with a production surplus and others with unmet demand,

being the extreme case the month of February with zero de-

mand met. Furthermore, as expected, by decreasing the H2

monthly demand it is possible to cover a greater number of

months per year with such an energy carrier (Fig. 4).

Another aspect to consider is the quantification of the

monthly H2 surplus or deficit for each scenario in order to

undertake corrective actions that guarantee meeting the

monthly demand. The values for each scenario are shown in

Fig. 5(a, b, c). This information is complemented with the

figures indicated in Table 13 for the three scenarios.

It is appreciated that none of the three scenarios can meet

the H2 demand for every month, whereupon two alternatives

are proposed: 1) to buy the electricity needed to produce theH2

during the deficit months at the value billed to large con-

sumers; and 2) to store H2 surplus of the corresponding

months in order to use it in the months with H2 deficit. The
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Table 12 e Met Demand for the three substitution scenarios.

Scenario 1
100% Demand

Scenario 2
50% Demand

Scenario 3
10% Demand

Monthly production (kg) Demand
H2 (kg)

Meeting (%) Demand
H2 (kg)

Meeting (%) Demand H2 (kg) Meeting (%)

January 2.41 � 104 2.19 � 105 11.04 1.09 � 105 22.08 2.19 � 104 110.42

February 0.00 2.19 � 105 0.00 1.09 � 105 0.00 2.19 � 104 0.00

March 4.68 � 103 2.19 � 105 2.14 1.09 � 105 4.28 2.19 � 104 21.40

April 1.62 � 105 2.19 � 105 74.02 1.09 � 105 148.03 2.19 � 104 740.16

May 4.23 � 104 2.19 � 105 19.36 1.09 � 105 38.71 2.19 � 104 193.57

June 1.15 � 105 2.19 � 105 52.71 1.09 � 105 105.42 2.19 � 104 527.11

July 8.86 � 105 2.19 � 105 405.19 1.09 � 105 810.39 2.19 � 104 4051.93

August 1.72 � 105 2.19 � 105 78.62 1.09 � 105 157.24 2.19 � 104 786.21

September 1.12 � 105 2.19 � 105 51.06 1.09 � 105 102.12 2.19 � 104 510.62

October 9.86 � 104 2.19 � 105 45.09 1.09 � 105 90.18 2.19 � 104 450.91

November 3.44 � 102 2.19 � 105 0.16 1.09 � 105 0.31 2.19 � 104 1.57

December 2.43 � 104 2.19 � 105 11.13 1.09 � 105 22.27 2.19 � 104 111.33
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second alternative, storing large volumes of H2 for periods of

several months, in addition to technological complexity,

would increase significantly the costs. Furthermore, this

alternative does not apply to the scenario one in which there

is no full H2 availability. Therefore, in order to have a pre-

liminary estimate of the costs associated to H2 production, the

first alternative is proposed, taking into account the differ-

ential energy cost depending on the type of electricity used

during the electrolysis process.
Cost model for using H2 in Cuenca city's buses

Overview
For each of three scenarios, the model estimates the produc-

tion cost for electrolysis H2 from hydropower, based on the

amount of H2 required for the end use proposed. In that sense,

this approach is conceptually a bottom upmodel. This type of

method has been used in various technical and economic

studies on H2 production for different applications [12,36], and

proceeds through the classification of annualized costs, input

costs, investment costs, and operation and maintenance

costs. Also similar economic studies are considered regarding

the use of H2 in urban transport in several cities: Asuncion in

Paraguay [37]; Foz do Iguazú in Brazil [12]; London, England

[38] and Madrid, Spain [39]. For H2 production, a typical PEM

electrolyzer was selected, with an average life of 15 years and
Fig. 4 e Months with met and unmet demand for each

scenario.
a production capacity of 0.1e30 Nm3/h [40]. This is the range at

which H2 production is estimated for the case study.

Input cost
Are included the costs of electricity and water needed to

produce H2 by electrolysis, which are obtained from the

following expressions.

PH2 ¼ FM � RAB � RH2 (7)

In Eq. (7), FM is a dimensionless parameter [36], which

represents any losses in the operation of the electrolysis plant,

with unit energy consumption, CUE, equals to 52.53 kWh/kg

H2. This includes energy consumption by auxiliary equipment

required for the treatment and compression of gases, and is

equivalent to an energy efficiency conversion of 75%, which is

an average value of those reported in the literature for the

electrolytic system [12,36,38,40].

The annual energy consumption in this system is obtained

as:

CAE ¼ PH2 � CUE (8)

And the cost of electricity:

CE ¼ CAE � CEG (9)

Where CEG represents the cost of electricity generation,

which is composed of the cost of electricity in excess, esti-

mated at US $ 0.011/kWh, and the cost established to large

consumers, US$ 0.05/kWh. Both figures were supplied by the

public company CELEC EP-Hidropaute, responsible for the

operation of Molino and Mazar hydropower plants, and in

charge of the construction of Sopladora [41]. So the cost of

electricity will be a variable value depending on both the

scenario and the month concerned, and from which the

annual average value will be obtained to be used in Eq. (9).

To calculate the cost of water, source of H2, the industrial

rate of this input is used for Cuenca city, Tw, equals to 0.8 US$/

m3 [42], considering that 1 L of water is required to obtain 1m3

of H2 [34,36], such that:
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Fig. 5 e (a) Scenario 1. Monthly (lack or excess) of H2. (b)

Scenario 2. Monthly (lack or excess) of H2. (c) Scenario 3.

Monthly (lack or excess) of H2.

Table 14 e Parameters of the cost model.

Parameter Unit Value

Water density kg/m3 1000

Gravity m/s2 9.8

H2 high heat value kWh/kg 39.4

Management factor dimensionless 1.1
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CWATER ¼ Cw � Tw (10)

Where:

Cw ¼ PH2V � 0.001 m3 H2O/1 m3 H2 (11)

The equation for the annual cost of inputs is:
Table 13 e Relationship between lack and excess of H2

production by scenario (kg/year).

Scenario 1 Scenario 2 Scenario 3

Total monthly excess 6.67 � 105 9.00 � 105 1.44 � 106

Total monthly deficit �1.65 � 106 �5.71 � 105 �6.06 � 104

H2 net value �9.83 � 105 3.29 � 105 1.38 � 106
CINS ¼ CE þ CWATER (12)

Cost of the electrolysis plant
It is represented mainly by the cost of the electrolyzer and

ancillary equipment, and it is calculated from the energy

needed to produce the required amount of H2. First, the power

plant is given by:

P ¼ CAE/DI (13)

Where DI is the annual plant availability, equal to 8328 h/

year, i.e. an availability of 95%. To represent the unit cost of

the electrolyzer, CEL, it is used the equation proposed in Refs.

[36], obtained from a mathematical nonlinear regression

procedure that takes into account the cost reduction due to

economy of scale, and applicable for power values in plants

between 5 MW and 30 MW. This expression is of the form:

CEL ¼ 1499.74 � P�0.2167 R2 ¼ 0.987 (14)

From (13) and (14), the cost of installing the electrolyzer and

other additional equipment is calculated as:

CIE ¼ P � CEL (15)

To calculate the annualized cost of investment in the life

time of the installation, n, the expression of Capital Recovery

Factor, FRC, is used for an average interest rate for in-

vestments in the industrial sector of Ecuador, d, for February

2015 [43]:

FRC ¼ dð1þ dÞn
ð1þ dÞn � 1

(16)

Such that:

CINV ¼ CIE � FRC (17)

Cost of operation and maintenance
In this case, it is assumed that the cost is simply a percentage

of annualized investment costs, assessing the percentage of

5% [12,36,37], then:
Annual distance traveled by buses km 26,240,508

Performance of H2 buses kg/km 0.1

Performance of diesel buses l/km 0.7

Electrolyzer unit energy consumption kWh/kg 52.53

Water tariff US$/m3 0.8

Plant availability h 8328

Life time period Year 15

Active interest rate Dimensionless 10%

Capital Recovery Factor Dimensionless 0,1315

O&M Rate Dimensionless 5%
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COM ¼ OM � CINV (18)

Total cost of H2 production
The general expression for estimating the costs of H2 pro-

duction from hydropower related to the amount of H2 pro-

duced is:

CTP ¼ CINSþ CINVþ COM
PH2

(19)

The parameters used in the cost model are shown in

Table 14.
Results

The results of applying the cost model to the case of sus-

tainable urban transport in Cuenca are presented in Table 15.

In Fig. 6 it can be seen that the input costs decrease when

the rate of demand coverage falls, which can be explained by

taking into account that such a reduction implies a greater

contribution of low-cost electricity, from the STE, to the cost of

inputs. Meanwhile, the cost of investment does not change

because in all scenarios it is expected to produce the

maximum amount of H2.

The percentage distribution of costs according to their

nature, for scenario one, shows the preponderance of the in-

puts cost (Fig. 7). This corroborates the importance of the

electricity cost in the cost structure of H2 production by elec-

trolysis. In the scenarios two and three, inputs contribute with

67% and 60% of total costs, respectively, keeping the inputs

primacy.

The results obtained in this study on sustainable mobility

in Cuenca are compared with other studies for the same

purpose in the cities referenced already (Table 16). Since each

city has its specificities that do not allow a full comparison,

the analysis is limited to noted that the cost of H2 production

obtained for Cuenca is favored by economies of scale and low

cost of surplus hydropower.

Considering that 1 kg of H2 equals to 14.12 L of liquid H2,

which in turn is energetically equivalent to 3.33 L of diesel [44],
Table 15 e Results from the cost model for sustainable urban t

Variable Unit

Sce

Annual H2 production (mass) kg/year 2

Annual H2 production (volume) m3/year 2

Annual electricity consumption kWh/year 1

Annual electricity cost US$/year 4

Annual water consumption m3/year 2

Annual water cost US$/year 2

Annual input cost US$/year 4

Power of electrolysis plant MW 1

Electrolyzer unit cost $/kW 8

Electrolyzer installation cost $ 1

Annual investment cost $/year 1

Annual O&M cost $/year 8

Total production cost $/kg H2 2
whose commercial value in Ecuador is about 0.29 US$/l [45],

the resulting value of US$ 1.77 per kg of H2 is 1.83 times the

current cost (subsidized) of diesel Premium used in public

transport in Cuenca. But if the comparison is done with the

price at which the Ecuadorian State buys diesel in the inter-

national market, 0.84 US$/l [46], it results that the cost of H2 is

0.64 times the cost of diesel. Thismeans that use of H2 in buses

is economically competitive when considering the actual cost

of diesel. In addition, the convenience of using this new en-

ergy carrier should take into account environmental and so-

cial effects of its use as well as the economic implications.
Environmental impact of using H2 in CUENCA'S
transport sector

This dimension of analysis of electrolytic H2 production from

hydropower in excess, evaluates the environmental implica-

tions of the H2 use in fuel cell vehicles. The analysis focuses on

the quantification of CO2 emissions avoided, i.e. how a change

of technology in the transport sector can contribute to miti-

gate the green house effect in Ecuador, specifically in the city

of Cuenca.

In the global context, Ecuador is ranked 130 out of 232

countries in the statistics of annual CO2 emissions per capita,

with an amount of 2.07 t CO2/person, value that also ranks

Ecuador 13th among 29 countries in the Latin America and the

Caribbean region [47]. Both countries rankings are a result of

continued growth during the last 10 years of the GHG emis-

sions, expressed in terms of ktCO2 equivalents, with a signif-

icant contribution from the transport sector [23] as shown in

Fig. 8.

The transportation sector is the main anthropogenic

source of GHG emissions in Cuenca city. In year 2009, the total

CO2 emissions accounted 1074 kt/year, of which 59.4% corre-

sponded to the transport sector, while the emissions contri-

bution from diesel buses was 43,928 t/year, equivalent to 4.1%

of the city total emissions [48].

The procedure for estimating the positive environmental

impact of H2 for vehicular use in Cuenca is to calculate the

total volume of diesel burned by the fleet of buses taking into

account its annual traveled distance as well as the
ransport.

Value

n. 1 (100%) Scen. 2 (50%) Scen. 3 (10%)

.62 � 106 2.62 � 106 2.62 � 106

.92 � 107 2.92 � 107 2.92 � 107

.38 � 108 1.38 � Eþ08 1.38 � 108

.90 � 106 3.82 � 106 2.76 � 106

.92 � 104 2.92 � 104 2.92 � 104

.34 � 104 2.34 � 104 2.34 � 104

.90 � 106 3.82 � 106 2.76 � 106

6.55 16.55 16.55

16.37 816.37 816.37

.35 � 107 1.35 � 107 1.35 � 107

.78 � 106 1.78 � 106 1.78 � 106

.88 � 104 8.88 � 104 8.88 � 104

,59 2,18 1,77
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Fig. 6 e Cost variations under the scenarios analyzed.
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performance of these vehicles, although the latter is very

variable depending on vehicle operating conditions and age.

Under these considerations, the value of 0.7 l/km was

selected, which is very close to that used in Ref. [36] for a

similar study. For the emissions calculation it is necessary to

consider the combustion reaction of diesel. Regarding this

aspect, the average structure of the hydrocarbon mixture

component can be expressed by C12H23 in order to use it in

calculations related to combustion [49], andwhose reaction is:

4C12H23 þ 7102/ 48CO2 þ 46H2O (20)

From this information it is possible to obtain the amount of

CO2 emitted by diesel consumption in the bus fleet of Cuenca

during year 2013 (Table 17).

The estimated annual production of CO2 is compared to the

values obtained using the parameters established by IPCC [50],

obtaining similar amounts. The total CO2 emissions, 48,300

tons, could be avoided by a complete replacement of the diesel

bus fleet by another fleet based on H2. Examples of environ-

mental friendly performance of this type of vehicle are: the

Honda Clarity, a passenger vehicle certified to the California

Air Resources Board as a vehicle ZEV [51] and, with similar

behavior of environmental friendliness, the bus Mercedes

Benz Citaro Fuel Cell Hybrid, [52]. In both cases the byproducts

of the electrochemical conversion of H2 are water vapor and

heat.
Fig. 7 e Percentage distribution of H2 production costs.

Scenario 1.
By replacing fossil fuels with H2 in transportation, the

emission of other pollutant gases such as sulfur and nitrogen

oxides, particulate matter and VOCs, among others would be

also avoided with positive effects on the air quality and

human health. However, such an analysis is beyond the scope

of this study, considering that CO2 is the main component

(about 99%) of GHGs generated by diesel vehicles.
Economic impact of using H2 in the transport
sector

In addition to the environmental implications, it is also

important to evaluate the economic impact of massive use of

H2 in the transport sector, taking into consideration four ways

of analysis. The first one estimates the costs associated with

the removal of CO2 emitted by fossil fuels combustion. This

type of strategy to reduce the concentration of CO2 in the at-

mosphere has attracted interest for its potential and scope,

especially in developed countries that are the major contrib-

utors of these emissions [53]. The cost associated with the

capture and confinement is strongly dependent on the origin

of CO2 emitted; i.e., the type of process and fuel. However, the

value of 35 US$/tCO2 has been reported as an average cost,

excluding transport and storage [12,54,55]. Since the purpose

of this study is to have an order of magnitude of the cost that

would be avoided in a hypothetical scenario for removing CO2

generated by the public transport in Cuenca, this will be the

value used in the estimate. However, it is noteworthy that the

widely distributed nature of GHG emissions in vehicles makes

it difficult the practical implementation of this reduction

strategy.

The second way uses the Carbon Certificates prices

established in the carbon market, whose architecture has its

origins in the Kyoto Protocol. This international agreement

aims to reduce the cost of implementing actions to decrease

GHG emissions based on certain market mechanisms. One of

them is CDM, created to include developing countries in the

carbon international stock markets. What is traded are CERs,

or carbon credits, that represent the right to emit one ton of

CO2, and its value is determined by the law of supply and

demand [56]. This study will rely on the value of the CERs

market in London [57], equal to US$ 7.71 for the consultation

date (13/02/2015). This value is used to calculate the market

value of transport emissions in Ecuador, assuming the possi-

bility of developing a CDM project.

The third way assesses the effect on the amount of sub-

sidies provided by the Ecuadorian State to the use of fossil

fuels in this sector of the economy, pointing out that 100% of

the diesel used in the transport sector is imported and sold to

the final consumer at lower prices than its international value

[46]. Thus, the use of H2 would mean the partial or total

removal of subsidies with substantial savings for the State

with the corresponding positive effects on the Ecuadorian

economy.

The last way of analysis is to determine themonetary value

of the number of oil barrels produced in Ecuador that would

avoid their allocation for derivatives production and could be

targeted for export, raising the income of the country in this

area. The calculation is based on the premise that the diesel
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Table 16 e Comparison with other cities for the same use of H2.

City (energy source) Number of buses Cost of electricity (US$/kWh) H2 production
(kg/year)

H2 production
cost (US$/kg)

Asunci�on, Paraguay (Hidropower) 55 0.037 2,750,000 4.32

Foz de Iguazú, Brazil (Hidropower) 191 0.0087a 2,996,000 (2.38e4.61)

London, UK (Public grid) e 0.0525b 292,000 3.42

Madrid, Spain (PV, Public grid) 2 0.0864c 9125 9.61

Cuenca, Ecuador-Scen. 3

(Hidropower)

448 0.0200a 2,886,462 1.77

a Average value.
b For conversion: 1 ₤ ¼ 1,5 US$.
c For conversion: 1V ¼ 1,2 US$.

Fig. 8 e GHG Emissions in Ecuador: total and from transport

sector (ktCO2/year).
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consumed in the bus fleet could come from domestic pro-

duction. That is, the third pathway involves diesel import

while the fourth one assumes its domestic production. In

Table 18 there are presented the values in million US$ of the

(positive) effect that would have the application of each of the

pathways identified, for year 2013, and for each of the three

scenarios considered.

Of the four pathways, way one is unlikely considering their

technical implications. The ways two and three could be

implemented in a complementary manner, although the way

three might have more immediate effect. Finally, the favor-

able effect of the way four will depend on the oil price in the

international market, which is characterized by high volatility

making it difficult any economic projection thereof. Therefore

it looks like option three is the most conducive to

implementation.

To determine the cost/benefit ratio of Way Three, the total

cost of H2 production is considered for the three scenarios of

analysis and then contrasted with the amount of subsidy that

the Ecuadorian State would avoid to provide. This analysis
Table 17 e CO2 emissions by the bus fleet in Cuenca. Year 201

Consumptiona (l/year) Consumption

Diesel 3.75 � 107 1.87 � 1

a Note: Estimate from annual total travel [31,46].
yields values of 0.73; 1.23; and 4.99 for scenarios one, two and

three, respectively. Even though the first scenario would be

the most appropriate economically, when it is taken into ac-

count the need to have the H2 infrastructure and the cultural

impact that the introduction of a new technology for massive

canmean, it is concluded that it would be appropriate to begin

with the third scenario. This scenario includes the incorpo-

ration of 45 buses with FC-H2 and greater use of STE, which is

the primary purpose of the study. These buses would cover

the routes that cross the historic downtown of Cuenca,

contributing to its architectural preservation, mitigating the

environmental pollution in the area and encouraging its

touristic attractive.

In addition, it is worth to mention the collateral benefits of

having large surpluses of H2 for the last two scenarios quan-

tified in Table 12, whose magnitude would be attractive to

consider its commercialization to non-energy end uses such

as medicine, food, petrochemicals, and upgrading oil. This

criterion is also extensible to the O2 produced, considering the

stoichiometry ratio of the reaction of H2 production: for each

mole of H2 it is also obtained 0.5 mol of O2. A more detailed

analysis of the demand and prices of both gases in Ecuador are

outside the scope of this paper but, undoubtedly, if the

mentioned substitution in transport is carried out then it will

account for additional income that would favor the economic

balance of such a replacement.

Finally, in order to understand the economic effect of

introducing a new technology for public transportation in

Cuenca, a comparison between H2-FC buses and diesel buses

was developed for 10% of the city fleet. The results of this

exercise are presented in Table 19. It is important to note that

the Discounted Pay Back Period is lower than six years and the

Net Present Value (for an IRR of 10%) is close to $800,000.
Conclusions

The potential production of H2 from hydropower in Ecuador

has been estimated, considering the existing STE in four
3.

(mol/year) CO2 (mol/year) CO2 (kg/year)

08 2.24 � 109 4.83 � 107
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Table 18 e Economic implications of substituting fossil
fuels (diesel) by H2 (US$).

Scenario/Way Way one
CCC

Way two
CER's

Way three
Subsidies

Way four
Export of BOE

Scenario 1 1.93 � 106 3.73 � 105 8.29 � 106 5.80 � 106

Scenario 2 8.46 � 105 1.86 � 105 4.14 � 106 2.90 � 106

Scenario 3 1.69 � 105 3.73 � 104 8.29 � 105 5.80 � 105

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 5 4 3 2e1 5 4 4 715446
hydroelectric plantswith reservoirs and focusing on the use of

this energy carrier in the transport sector. At the national level

it was obtained that, even in the best scenario, the H2 pro-

duction does not cover a significant percentage of the energy

requirements of the entire fleet powered by gasoline and

diesel. As a case study, Cuenca city was selected. The city is

near to the Paute Hydropower Complex and from which the

majority of the country’ STE comes from. Through the com-

bination, in different proportions, of the excess electricity cost

and the value billed to large consumers it is possible to meet

the need of 100%, 50% and 10% of the buses fleet in the city,

with competitive production costs as compared to studies for

other cities on the same vehicle end use of H2.

Furthermore, the cost of H2 production becomes 1.83 times

the present cost (subsidized) of diesel Premium used in

Cuenca's transport but if the comparison is done with the

actual price at which the Ecuadorian State buys this fuel at the

international market, it results that the cost of H2 is 0.64 times

the cost of diesel. This shows how economically competitive

can become the H2. Although the scenario of 100% coverage of

the energy demand might be the best economically, the

project proposed to Cuenca could be implemented in stages.

Despite the energy potential for full coverage of the demand,

aspects related to both infrastructure and costs should be

studied in depth. For example, the location of the electrolysis

plant, size of the storage system, the scheme of distribution

and supply of H2 (centralized or decentralized), the size of H2

bus fleet and their associated costs among others should be

solve in advance. Although Table 19 shows some important

parameters, a deeper economic analysis should be done in the

future. Carrying out a full economic analysis is beyond the

scope and extent of this study and will be conducted in a

subsequent research. The energy-economic efficiency ach-

ieved at national level and particularly in Cuenca, along with
Table 19 e Economic analysis of H2-FC and diesel buses.

Variable Unit Value

H2 bus investment (unit) US$ 1,500,000

Diesel bus investment (unit) US$ 200,000

Rescue value (on investment) % 10

Life time period Year 15

Inflation % 3

Diesel cost US$/gallon 2.8

H2 cost US$/Kg 1.77

Annual diesel cost US$/year 738,015

Annual H2 cost US$/year 466,531

Annual fuel saving US$/year 271,484

Internal rate of return % 20

Net present value (10% of IRR) US$ 796,048

Pay back period Year 5.53
the huge environmental and social benefits produced by this

technological change, should be internalized in a more thor-

ough analysis of the project, which makes the proposal

promising in the near future.
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