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Abstract: In this study power generation and demand are matched through a least-cost mix of renewable
energy (RE) resources and storage technologies for North America by 2030. The study is performed
using an hourly resolved model based on a linear optimization algorithm. The geographical, technical
and economic potentials of different forms of RE resources enable the option of building a super grid
between different North American regions. North America (including the U.S., Canada and Mexico
in this paper), is divided into 20 sub-regions based on their population, demand, area and electricity
grid structure. Four scenarios have been evaluated: region-wide, country-wide, area-wide and an
integrated scenario. The levelised cost of electricity is found to be quite attractive in such a system,
with the range from 63 €/MWhel in a decentralized case and 42 €/MWhel in a more centralized and
integrated scenario. Electrical grid interconnections significantly reduce the storage requirement and
overall cost of the energy system. Among all RE resources, wind and solar PV are found to be the
least-cost options and hence the main contributors to fossil fuel substitution. The results clearly show
that a 100% RE-based system is feasible and a real policy option at a modest cost. However, such a
tremendous transition will not be possible in a short time if policy-makers, energy investors and
other relevant organizations do not support the proposed system.

Keywords: energy scenario; energy system modelling; solar PV; wind power; energy storage;
North America; Canada; United States; Mexico

1. Introduction

Over the past few decades, global population has increased and living standards have advanced
dramatically in many parts of the world. Consequently, energy demand is increasing, particularly in
the Organization for Economic Cooperation and Development (OECD) countries due to their high
economic development and advanced lifestyle. In fact, although the U.S. has less than 5% of the
world’s population [1], it consumes as much as 25% of the global primary energy used [2]. Increasing
world population will lead to several formidable challenges, such as climate change, a greater gap
between energy demand and supply, and depletion of fossil fuel resources. Phasing out nuclear and
fossil fuels is unlikely to be generally acceptable, but eliminating greenhouse gas emissions, known
also as the “net zero emissions” target by mid-21st century agreed at Conference of the Parties (COP21)
in Paris, clearly guides the pathway towards sustainability [3].

The technical, geographical and economic potentials of various forms of renewable energy (RE)
resources in North America enable a lucrative “super grid” connection between the continent’s regional
energy systems to obtain synergy effects and make a 100% RE supply possible [4–7]. North America’s
wealth of RE resources are comprised of solar energy, wind energy, hydropower, geothermal, biomass
and waste-to-energy resources. As the cost of RE technologies begins to compete with that of

Energies 2017, 10, 1171; doi:10.3390/en10081171 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-6699-9043
https://orcid.org/0000-0002-7380-1816
http://dx.doi.org/10.3390/en10081171
http://www.mdpi.com/journal/energies


Energies 2017, 10, 1171 2 of 28

conventional forms of energy, a transition to an entirely RE-based system has become more feasible.
This is reflected in the significant growth of the North American solar photovoltaic (PV) and wind
markets in recent years [8,9]. The U.S. is the country with the largest solar potential in North America
and by the end of 2015 it harnessed a fraction of the solar resource via 26 GW of installed PV
capacity [10]. The growth is also driven by the fact that solar PV is the least costly power source in
an increasing number of states [11]. By the end of 2015, the total solar PV installed capacity in North
America was 28 GW [10,12].

It is expected that the costs of solar PV and wind energy will further decrease in the coming
years, while the installed capacities will increase substantially. However, reduction of cost and increase
of installed capacities mainly depend on the defined target and goals. The International Energy
Agency (IEA) projected in its World Energy Outlook report [13] that the installed capacity of PV
in North America will reach around 100 GW by 2030. In the New Policies Scenario, solar PV is
expected to be a key low-carbon technology in many regions of the world, exceeding 1000 GW of
installed capacity globally by 2040. This is one of the most conservative projections for solar PV [14].
The Fraunhofer Institute for Solar Energy System (ISE) [15] in the Average Value Scenario estimated
that the installed capacity of PV will reach 2016 GW globally by 2030. In this report, the levelised cost of
electricity (LCOE) predicted for solar PV is around 45–70 €/MWh by 2030. However, the latest report
of International Renewable Energy Agency (IRENA) [16] has shown that LCOE for solar PV will drop
by 59% compared to the year 2015 and become 44 €/MWh by 2025. The U.S. Dollar to Euro foreign
exchange rate is assumed to be 1.35 in this paper, as this represents the long-term averaged value.
In contrast, already in the year 2016 several PV projects had been contracted for prices well below
37 €/MWh, for instance in Mexico [17] and Peru [18]. The financial analysts of Lazard mentioned
utility-scale PV projects in 2015 being possible at a cost level of 37–43 €/MWh and a further decline to
32–34 €/MWh in 2017 was expected [19]. As a result, different institutes, organizations and agencies
forecast the future of RE resources according to their visions, but reality is progressing very fast and
typically faster than the expectations and forecasts.

Renewable energy policy has been largely driven in the U.S. by supply security concerns on the
federal level, and economic activity and greenhouse gas mitigation concerns on the state level [20].
Recently, the U.S. federal and some state governments have supported extending many forms of
renewable power generation. On the federal level, reducing the dependence on oil imports is crucial.
Renewables can help to meet this independence as part of the strategy. The national energy strategy
of the U.S. has been classified as an “all-of-the-above strategy” [20]. The key goals being highlighted
in this strategy are generating more electricity from RE resources, consuming less oil while holding
electricity consumption constant, achieving significant economic and energy security benefits, reducing
carbon emissions in the energy sector and as a consequence tackling the challenges posed by climate
change [20].

Canada is a world leader in the production and consumption of RE. In the electricity sector,
hydropower is the largest RE source in Canada, accounting for around 60% of electricity generation
in the country. Other sources of RE, such as biomass, wind, tidal and solar contribute to increasing
the share of renewables to over 63% [21]. Therefore, over 63% of Canada’s electricity generation does
not emit greenhouse gases. The rest of the required power comes from nuclear, with almost 14%,
and fossil fuels, with 22% of the total share [21]. Increasing the use of RE for electricity generation is
mainly because of a number of policy initiatives undertaken by provincial and federal governments.
All provinces across Canada have been increasing the use of RE through a number of initiatives,
including feed-in tariff programs, legislated renewable portfolio standards and offset programs
acquired through requests for proposals [21]. The role of wind energy in contributing to emission
reduction targets is remarkable. For instance, Alberta and Saskatchewan consider wind energy as
an important element to achieve the objective of reducing greenhouse gas intensity of the provinces’
electricity sectors. The Alberta government has set a target to provide 30% of Alberta’s electricity
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by wind, hydro and solar energy by 2030 [22]. In other provinces commitments have been made for
dramatic reductions across the wider economy, mostly by electrification with zero-carbon electricity.

Canada and the United States trade electricity across their shared border and renewables play
a key role in this trade. Provinces that have significant hydropower resources, such as Quebec,
Newfoundland & Labrador, Manitoba, British Columbia and Yukon are the major net exporters of
electricity. Recently, Manitoba exported more than one-fourth of its electricity production into the U.S.
Midwest [21].

According to IRENA [23], Mexico has a target of 25% electricity from clean energy sources by
2018, 35% by 2024, 40% by 2035 and 50% by 2050. IRENA defines clean energy to include renewables,
nuclear energy, cogeneration, fossil fuels with carbon capture and storage (CCS) and other low-carbon
technologies. However, nuclear energy and fossil fuels with CCS have not proven to be a source of clean
energy. Coal based CCS would still emit smog and heavy metals causing local health problems [24] and
the CO2 extraction with less than 90% efficiency is too low for a net zero emission world. Meanwhile,
nuclear energy violates all sustainability criteria, due to the exposure to nuclear accidents, hazardous
nuclear waste, nuclear weapons proliferation and nuclear terrorism attack [25]. In addition, there is an
enormous liability insurance subsidy [26]. The Special Programme for the use of RE (PEAER), in 2014,
set a target of almost 24 GW of RE capacity by 2018, including hydropower (13 GW), wind (≈9 GW),
geothermal (1 GW), bioenergy (≈0.8 GW) and solar (0.6 GW) [23]. Solar PV has proven to be a least cost
source of electricity according to results of tenders in 2016, with 40.5 USD/MWh for more capacities
greater than 1 GW [17]. The recent evolution of RE policy in Mexico was driven by the Law for the Use
of Renewable Energies and Financing the Energy Transition, which was published on 28 November
2008. The goal was to encourage the use of RE and clean technologies for electricity generation.

Different scenarios of energy systems, based on an entirely sustainable energy system or high
shares of RE, have already been discussed for several countries and regions. Integrated Canada-U.S.
power sector modelling has already been reported by Martinez et al. [27] and the results drive the
implementation of an integrated power system.

This study aims to design a cost competitive and optimal 100% RE power system for
North America, considering the high potential of RE on the continent and taking into account the
following points:

• the power transmission system and electricity trade of different sub-regions of North America;
• an optimal energy system design taking into account available RE resources within the region;
• synergistic effects among different resources and sub-regions leading to higher efficiency of the

power sector.

2. Materials and Methodology

Coherent technical analyses of how a fossil fuels-based system can be substituted by a 100% RE
system require computer programmes and respective computational optimization. Several models
have been designed and developed to simulate 100% RE system for different regions across the
world [5,28–31]. According to Connolly et al. [31], there are three general types of energy models
available for analyses of the integration of RE into different energy systems. These are named the
simulation, scenario and equilibrium model. A simulation model seeks to match the supply and
demand in a given energy system. This model is operated in an hourly basis over a 1-year time
step. A scenario model simulates the energy system in a 1-year time step and combines the annually
calculated results into a scenario of 20–50 years. Finally, an equilibrium model can be utilized to
explain the behaviour of demand, supply and prices for the whole economy or part of an economy
with several markets. It is quite time-consuming to design and create new programmes for each
and every analysis; therefore, existing relevant programmes are preferable. In this study, an hourly
resolved model, called the LUT energy system model, based on Matlab software (R2016b) [32] and the
Mosek ApS optimizer [33] is used. This model has been introduced and applied to several regions
so far [14,34–39], and a detailed description of the model can be found in those studies. The model
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is based on a multi-node approach that is composed of power generation and storage technologies,
the current installed capacities of RE conversion technologies and different operation modes of these
technologies. All the mentioned parameters are used to supply the electricity demand of power,
water desalination and non-energetic industrial gas sectors.

The target function of this model is to minimize the total annual energy system cost entirely based
on a mix of RE resources and storage technologies for North America. Matching power generation
and demand is considered as one of the model restrictions. The target year is set to 2030 to better
understand the cost-competitiveness of this system considering such a dramatic change in a short
period of time, from a system mostly based on fossil fuels today towards a 100% RE system in the
mid-term future. However, this paper only explores and specifies the potential of RE resources, the
final cost of the system and the role of prosumers in such a transition. Therefore, the countries’ targets
and visions are outside the scope of this paper. It is not the intention of this paper to describe an energy
transition till the year 2030, but how a 100% RE system would be configured for the technical and
financial assumptions for the year 2030.

The financial assumptions for capital expenditures (capex), operational expenditures (opex) and
lifetimes of all technologies are presented in the Supplementary Materials (Table S1). Weighted average
cost of capital (WACC) is assumed to be 7% for all scenarios. However, 4% WACC is set for residential
PV self-consumption because of lower financial return requirements. The technical assumptions related
to efficiency numbers for generation and storage technologies, power to energy ratios for storage
technologies, and power losses in high voltage direct current (HVDC) power lines and converters are
given in the Supplementary Materials (Tables S2–S4, respectively). Electricity prices in residential,
commercial and industrial sectors for the U.S.’s regions are taken from [40–42], for Canada’s regions
are taken from [43–49] and for Mexico’s regions are collected from [50–52]. The electricity price
for a country is assumed to be applicable for all the regions within the same country. The current
electricity prices are extrapolated to the year 2030 according to Gerlach et al. [53]. The regional
grid electricity costs are provided in the Supplementary Materials (Table S5). The excess electricity
generation produced by solar PV prosumers, that cannot be self-consumed, is considered to be sold to
the grid with a price of 2 €cents/kWh in 2030.

The hourly resolved model is computed based on Equation (1):

∀h ∈ [1, 8760]
tech

∑
t

Egen,t +
reg

∑
r

Eimp,r +
stor

∑
t

Estor,disch = Edemand +
reg

∑
r

Eexp,r +
stor

∑
t

Estor,ch + Ecurt (1)

where h is hours of a year, t is technology, tech is all modelled technologies, Egen is electricity
generation, Eimp,r is electricity imports for region r, stor is storage technologies, Estor,disch is electricity
from discharging storage, Edemand is electricity demand, Eexp,r is electricity exports for region r, Estor,ch is
electricity for charging storage and Ecurt is curtailed excess energy.

The main target of the energy system optimization is to minimize the total annual energy system
cost. It is determined as the sum of the annual costs of installed capacities of the various technologies,
costs of energy generation and generation ramping (Equation (2)):

min(
reg
∑

r=1

tech
∑

t=1
(CAPEXt × cr ft + OPEX f ixt)× instCapt,r + OPEXvart × Egen,t,r+rampCostt × totRampt,r) (2)

where t and tech are energy generation, storage and transmission technologies, r and reg are sub-regions,
CAPEXt is capital expenditures for technology t, crft is capital recovery factor for technology t, OPEXfixt

is fixed operational expenditures for technology t, instCapt,r is installed capacity for technology t and
region r, OPEXvart is variable operational expenditures for technology t, Egen,t,r is annual electricity
generation by technology t in region r, rampCostt is cost of ramping of technology t and totRampt,r is
sum of power ramping values during the year for the technology t and region r. For the integrated
scenario, non-energetic industrial gas and desalinated water demand are also added to the model.
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The system also considers the electricity self-generated and self-consumed (prosumers) in the
three sectors: residential, commercial and industrial. This can be carried out by installing respective
capacities of rooftop solar PV systems and lithium-ion batteries. The model flow diagram listing all
the input data, energy system model parameters and model output data is illustrated in Figure 1.
Technical and financial assumptions are presented in the Supplementary Materials of this paper.
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Figure 1. Model flow chart for energy system modelling.

2.1. Input Data and Resource Potential

The historical data for wind speed and solar irradiation are taken from a NASA database [54,55]
and the German Aerospace Centre [56]. The spatial resolution of the data is 0.45◦ × 0.45◦ and the time
resolution is on an hourly basis. In addition, the feed-in profile for hydropower is made based on the
daily resolved water flow data for the year 2005 [57]. IEA data [13] are used to calculate the compound
average annual growth rate of natural gas consumption in the industrial sector, while gas demand for
the electricity generation, residential and transportation sectors are excluded from this study. Water
demand is computed based on future water stress and water demand projections [58]. It is assumed
that seawater reverse osmosis (SWRO) desalination is used to cover water stress greater than 50%.
Water transportation costs are also considered in the analyses, which are described in Caldera et al. [59].
Annual non-energetic industrial gas demand and water demand are presented in the Supplementary
Materials (Table S11).

Geothermal potential for the region is calculated based on the surface heat flow data [60,61]
and surface ambient temperature for the year 2005. The spatial resolution considered for this
analysis is 0.45◦ × 0.45◦. For nodes with a lack of surface heat flow data, the extrapolation of
existing heat flow data was applied. Then, temperature and heat potentials of the middle depth
point of each 1 km thick layer, between depths of 1 km and 10 km [62–64] are derived globally.
The evaluated geothermal resource potential for North America is presented in the Supplementary
Materials (Table S6). Geothermal data is considered only for electricity generation in the energy system
model. For the given assumptions and real data, an optimal temperature, well depth and consequently
LCOE are determined for all considered regions. It is assumed that only 25% of the determined
potential can be used as an upper resource limit. The total geothermal potential for North America is
calculated using the weighted average formula considering the rule: 0–10% of the best surface area
of a region is weighted by 0.3, 10–20% of the best surface area is weighted by 0.2, 30–40% of the best
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surface area is weighted by 0.1 and the same assumption (0.1) for 40–50% of the best surface area.
It should be noted that areas with LCOE higher than 100 €/MWh are excluded from the final results.

The potential for biomass and waste-to-energy resources are collected from German Biomass
Research Centre [65]. All bio-based by-products and waste are divided into three different components:
solid waste, solid biomass and biogas. Solid biomass includes wood, straw and coconut residues; solid
wastes consists of municipal solid waste and industrial used wood; biogas is comprised of excrement,
municipal biowaste and bagasse. The biomass costs are calculated using data from IEA [66] and
Intergovernmental Panel on Climate Change (IPCC) [67]. A 50 €/ton gate fee for waste incineration
is assumed to calculate the solid fuel cost. The results for regional biomass potential and costs are
provided in the Supplementary Materials (Tables S6 and S7, respectively). Various waste and residue
component shares lead to price differences between countries. All the input data are provided in the
Supplementary Materials.

2.2. Applied Technologies

The applied technologies in the North American energy system model are the following:

1. Technologies converting renewable resources into electricity that are used in this model are as
follows: solar PV (single-axis tracking plants, ground-mounted and distributed rooftop systems),
onshore wind turbines, concentrating solar thermal power (CSP), hydropower (run-of-river
and dam), geothermal energy, biomass plants (solid biomass and biogas) and waste-to-energy
power plants.

2. Energy storage technologies are lithium-ion batteries, thermal energy storage (TES), pumped
hydro storage (PHS), adiabatic compressed air energy storage (A-CAES) and power-to-gas (PtG)
technology. PtG includes synthetic natural gas (SNG) with the respective synthesis technologies:
methanation, water electrolysis, gas storage, CO2 scrubbing from air and both combined and
open cycle gas turbines (CCGT, OCGT). Additionally, there is a 48 h biogas buffer storage and a
part of the biogas can be upgraded to biomethane and injected into the gas storage.

3. The energy sector bridging technologies enable additional flexibility to the energy system and
consequently reduce the overall cost. PtG is a bridging technology in the energy model for
production of gas for the industrial sector. The role of PtG is different as an energy sector bridging
technology compared to a storage technology for the electricity sector. The second bridging
technology is SWRO desalination, which connects the water sector to the electricity sector.

4. The power transmission technologies have two levels: electric power distribution and transmission
through the sub-regions. They are generally based on standard alternating current (AC) grids,
which are not part of the model, and inter-regional transmission grids modelled by applying
HVDC technology. Power losses in the HVDC grids includes two major components: length
dependent electricity losses of the power lines and losses in the converter stations at the
interconnection with the AC grid, as shown in Table S4 in the Supplementary Materials.

The full model block diagram is shown in Figure 2. Variable RE technologies, especially solar and
wind energy, are not dispatchable due to their intermittent nature. Flexibility options are required
for a balanced and optimal energy system. The main options to provide reliability and flexibility
into the energy system can be classified as follows: storage of energy and reuse when the demand is
higher than generation (e.g., batteries), demand side management (e.g., PtG or SWRO desalination),
generation management (e.g., biomass plants or hydro dams), and interconnected transmission grids
between different regions and energy shifted in location (e.g., HVDC transmission).
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Figure 2. Block diagram of the energy system model [14] for North America. Abbreviations: ST: steam
turbine; PtH: power-to-heat done by heating rod; ICE: internal combustion engine; GT: gas turbine and
HHB: hot heat burner.

3. Scenario Assumptions

3.1. Regions Subdivision and Grid Structure

The three North American countries, including the U.S., Canada and Mexico, were clustered into
20 sub-regions. The subdivision and grid configuration of North America’s sub-regions are delineated
in Figure 3.
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Figure 3. The figure represents North American sub-regions, including the U.S., Canada and
Mexico, and HVDC transmission lines configuration. This region is divided into 20 sub-regions:
U.S.-New England & New York (US-NENY), U.S.-Mid-Atlantics (US-MA), U.S.-Carolinas (US-CAR),
U.S.-Southern (US-S), U.S.-Tennessee Valley Authority (US-TVA), U.S.-Midwest (US-MW), U.S.-Central
(US-C), U.S.-Texas (US-TX), U.S.-Southwest (US-SW), U.S.-Northwest (US-NW), U.S.-California
(US-CA), U.S.-Alaska (US-AK), U.S.-Hawaii (US-HI), U.S.-Gulf (US-GU), West Canada (CA-W),
East Canada (CA-E), Northwest Mexico (MX-NW), North Mexico (MX-N), Central Mexico (MX-C) and
South Mexico (MX-S). Behrmann Cylindrical Projection is used for all the maps in order to compress
the northern part of Canada which is not the main discussion in this study.

Four scenarios are discussed for the future energy system development in North America:
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• Region-wide energy system, where all the sub-regions cover their demand through their own
generation (no HVDC grid interconnections);

• Country-wide energy system, where the sub-regions are interconnected by HVDC grids and
excess electricity of the regions can be transferred to the neighbouring regions within the borders
of countries;

• Area-wide energy system, where the country-wide energy system is interconnected by power
transmission lines;

• Integrated scenario has the same structure as the area-wide energy system scenario, but with
additional non-energetic industrial gas and SWRO desalination demand. RE together with PtG
technology are considered for electricity generation and storage, as well as energy sector bridging
technologies to cover industrial gas and water desalination demand.

Similar or some of the aforementioned scenarios have been assessed in other parts of the
world [14,34–39], which make these studies well comparable.

3.2. Feed-In for Solar and Wind Energy

The hourly resolution profiles for solar PV (single-axis tracking and optimally tilted), CSP and
wind energy are calculated according to Bogdanov and Breyer [34,35]. The aggregated profiles of
solar PV (single-axis tracking and optimally tilted), CSP solar field and wind energy normalized to
maximum capacity averaged for North America are presented in Figure 4. The average full load hours
(FLH) for the above mentioned technologies are calculated similar to geothermal and provided in
the Supplementary Materials (Table S8). The hourly resolution profile for hydropower is calculated
according to the historical weather data for precipitation for the year 2005.
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3.3. Limits for Minimum and Maximum Installed Capacities for all Energy Technologies

Lower limits of installed capacities are taken from Farfan and Breyer [12] and upper limits are
calculated according to Bogdanov and Breyer [35]. Lower limits on the current installed capacities
(by the end of 2014) in North American sub-regions are given in the Supplementary Materials (Table S9)
and the corresponding upper limits of RE capacities are summarized in the Supplementary Materials
(Table S10). For all other technologies, upper limits are not allocated. However, for biogas, solid
biomass residues and waste-to-energy plants it is assumed, due to energy efficiency reasons, that the
existing and specified amount of the fuel is used during the year.

3.4. Load Profile

The electrical load profiles for sub-regions are computed as the total demand of regions based on
synthetic load data generated using the multiple linear regression model presented in Equation (3) [68]:

load(x) = ∑
i

yi(x) = ∑
i

ai ∗ sin ni (bi ∗ x + ci) + di (3)

where load is the synthetic load demand, x is the time in hours for the whole year, a is the amplitude, b is
the frequency, c is the phase shift, d is the additional ordinate offset, n is the extent of sine (between 1
and 2) and i indicates the number of sine functions.

Figure 5 illustrates the area-aggregated demand of all North American sub-regions. Current
electricity demand is collected from local sources [69–71], and the electricity demand growth rate by
the year 2030 is calculated using IEA data [13]. According to the IEA [13], the electricity demand is set
to continue growing by 0.9% per annum in North America by 2030. The annual electricity growth rate
is applied for the hourly load profile to compute and generate the new load profile for the projected
year. Solar PV self-consumption prosumers decrease the residual load demand significantly in the
energy system. This is shown in Figure 5 (right). The total electricity demand and the peak load
decrease by 20% and 9%, respectively.
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4. Results

Each scenario is modelled and optimised under given constraints to find the least-cost energy
system configuration. Therefore, the final results include hourly RE-based electricity generation,
storage charging and discharging, electricity exchange between sub-regions, and curtailment. The key
financial results of the modelled scenarios are presented in Table 1. The results include LCOE (including
PV self-consumption and the centralized system), levelised cost of electricity for primary generation
(LCOE primary), levelised cost of curtailment (LCOC), levelised cost of storage (LCOS), levelised cost
of transmission (LCOT), total annualized cost, total capital expenditures, total RE capacity and total
primary electricity generation.

Table 1. Key financial results for the four analysed scenarios applied for North America.

Considered
Scenarios

Total
LCOE

[€/MWh]

LCOE
Primary
[€/MWh]

LCOC
[€/MWh]

LCOS
[€/MWh]

LCOT
[€/MWh]

Total
Ann.

Cost [b€]

Total
CAPEX

[b€]

RE
Capacities

[GW]

Generated
Electricity

[TWh]

Region-
wide 63 37 3 23 0 388 3502 3354 7207

Country-
wide 56 36 2 15 3 341 3114 2941 7062

Area-wide 53 35 2 12 4 321 2945 2760 6861

Integrated
scenario 42 33 1 5 3 498 4668 4152 10,975

From Table 1, it can be seen that the integration benefit is significant in both electricity cost and
annual expenditures due to connection of different regions via HVDC transmission lines. In the
area-wide scenario, electricity cost of the system plunges by about 16% compared to the region-wide
scenario. Grid utilization declines the primary energy installed capacities by 18% and by 5% in terms of
generated electricity with reference to the region-wide scenario. Grid utilization leads to a considerable
reduction of storage utilization (Table 2), especially A-CAES, whereas cost of transmission is relatively
small compared to a downfall in primary generation and storage costs. Curtailment costs drop by half
in comparison to energy storage costs in the case of wider grid utilization, leading to a reduction of
about 25% in the area-wide scenario in comparison with the region-wide scenario. However, excess
energy does not have a significant impact on the total cost. The power line capacities for the electricity
trade between the sub-regions for the area-wide scenario are shown in the Supplementary Materials
(Figure S7 and Table S15).

A further decrease in LCOE of 16% can be achieved via non-energetic industrial gas and SWRO
desalination sector integration in contrast to the area-wide scenario. This cost reduction can be
explained by a decrease in storage cost by 58% since water desalination and industrial gas sectors
reduce the long-term storage requirement, providing further flexibility to the energy system. Primary
electricity generation cost declined by 6% in the integrated scenario compared to the area-wide scenario.
The reason for this reduction could be an improvement in the flexibility of the system and using cost
competitive wind and solar electricity as shown in Table 2. For the case of biogas, 32% of biogas in the
area-wide scenario is re-allocated from electricity generation in the power sector to the industrial gas
sector in the integrated scenario.

The LCOE components and the import/export share in the region-wide, country-wide, area-wide
and integrated scenarios are delineated in the Supplementary Materials (Table S12). The share of
electricity exports is considered as the ratio of net electricity exports to the primary electricity generation
of a sub-region. At the same time, the share of electricity imports is defined as the ratio of electricity
imports to the electricity demand. The area average values are calculated based on sub-regional data
weighted by the electricity demand.
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Concerning the total installed capacities, the installed PV capacity decreased by 32% from the
region-wide to area-wide scenario while the installed capacities of wind increased by 9% from the
region-wide to area-wide scenario. The reason for the increase in the installed capacity of wind is that
the LCOE for wind energy in some sub-regions is lower than solar PV. Therefore, the system prefers
to install wind rather than PV single-axis tracking and exchange this electricity with neighbouring
regions via power lines. In addition, the wind resource is at a really excellent level in several parts of
North America, particularly in the US-C, US-MW, US-TX, CA-E, CA-W, the west part of US-AK and
the east part of US-NW. In the integrated scenario, installed capacities of PV and wind increase due
to the additional demands of industrial gas and seawater desalination. High shares of solar PV and
wind energy are mainly because of their lower costs among all RE resources in the region. It should
be mentioned that a rapid cost reduction of solar PV technology and battery storage is assumed in
the next 15 years. The share of PV single-axis tracking and PV self-consumption of the total solar PV
installed capacity for the region-wide scenario are 56% and 43%, respectively. However, the share
of installed capacity of PV single-axis tracking in the area-wide scenario decreases to 35%, while the
share of PV self-consumption increases to 63% of the total installed capacity of PV. Compared to all the
available RE resources in the region, PV and wind seem to be financially more attractive technologies
due to the excellent availability of the respective resources.

The grid interconnection decreases the need for energy storage. Installed capacities of batteries,
A-CAES, PtG, PHS and gas turbines decrease with interconnection of the regions as summarized in
Table 2, whereas the share of heat storage increases by 325% in the integrated scenario due to storage
of additional usable heat generated in the system, however on a very low level.

A division of regions into net importers and exporters can be observed for the area-wide scenario
and the integrated scenario, which are presented in Figure 6. Sub-regions with the best renewable
resources are net exporters and the others are net importers. In the region-wide scenario, all the
individual sub-regions of North America need to match their own demand using their own RE.
The regions can import or export electricity depending on their demand and generation. The differences
between the demand and production are mainly due to import, export and storage losses. For the
integrated scenario, the difference is due to the energy consumption for SNG production. The net
importer regions in North America are US-Mid-Atlantics, US-Tennessee Valley Authority, US-New
England & New York, US-Gulf, US-Carolinas, US-Southern, US-California, US-Southwest, Northwest
Mexico, Central Mexico and North Mexico. The net exporter regions are East Canada, US-Midwest,
US-Central, US-Northwest, US-Texas and West Canada. In comparing net importer and exporter
regions, US-Alaska and South Mexico have almost equal imports and exports. Due to a high electricity
demand for additional desalination and SNG production, the integrated scenario tends to increase the
electricity generation between the regions to fulfil the increased demand. Hourly resolved profiles
for the net exporting region, East Canada, the net importing region, the US-Mid-Atlantics, and
the balancing region, South Mexico, are presented in the Supplementary Materials (Figures S1–S3,
respectively). The direction and amount of electricity trade among the interconnected regions for the
year 2030 are presented in Figure 7. As can be seen, the US-New England & New York region has the
largest power exchange with 1185 TWh, where East Canada provides 59% of the total power exchange
to US-New England & New York while the remaining 41% is transferred to the US-Mid-Atlantics
through US-New England & New York. Hence, the US-New England & New York region is an
intermediate between East Canada and the US-Mid-Atlantics for electricity trade.
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Table 2. Results on the installed RE technologies and energy storage capacities for the four defined scenarios.

Technology Unit Region-Wide
Scenario

Country-Wide
Scenario

Area-Wide
Scenario

Integrated
Scenario

PV self-consumption [GW] 812 812 812 812
PV optimally tilted [GW] 21 21 21 20

PV single-axis tracking [GW] 1062 566 454 1018
PV total [GW] 1895 1399 1286 1850

CSP [GW] 0 0 0 0
Wind energy [GW] 1005 1134 1097 1980

Biomass power plants [GW] 22 14 8 4
MSW incinerator [GW] 4 4 4 4

Biogas power plants [GW] 52 68 68 46
Geothermal power [GW] 19 5 5 5

Hydro Run-of-River [GW] 29 29 29 26
Hydro dams [GW] 158 168 178 178

Battery PV self-consumption [GWh] 1411 1411 1411 1411
Battery System [GWh] 1234 593 483 402

Battery total [GWh] 2645 2004 1894 1813
PHS [GWh] 35 35 35 25

A-CAES [GWh] 5822 186 1 5
Heat storage [GWh] 0 1 0 2

PtG electrolysers [GWel] 114 84 54 442
CCGT [GW] 159 133 103 9
OCGT [GW] 65 77 42 55

Steam Turbine [GW] 0 0 0 0Energies 2017, 10, 1171 12 of 27 
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Figure 8 gives an overview of the installed capacities for RE generation and storage for all
sub-regions in the region-wide, area-wide and integrated scenarios. In the region-wide and area-wide
scenarios, the share of solar PV dominates the system for most of the sub-regions, except for northern
sub-regions such as Eastern Canada, Western Canada, US-Alaska, US-Midwest and US-Central, where
excellent FLH of the wind resource lead to an increase of the share of wind energy among other RE
resources. Solar PV comprises of 56% of total RE resources in the region-wide scenario. Among all
sub-regions, Northwest Mexico and US-Southern have the highest amount with 74% and 70% of the
total share, respectively. In the area-wide scenario the share of solar PV still remains the highest despite
decreasing by 10% in comparison to the region-wide scenario. It is noteworthy that the share of wind
energy increases by 10% in the area-wide scenario. In the integrated scenario, solar PV stayed the main
energy source in some regions, while the share of wind energy increased significantly. It was found
that 48% of RE resources comes from wind energy in the integrated scenario, followed by solar PV by
45%, hydropower by 5% and the rest of resources by 2%.

Despite the fact that hydropower is one of the main energy resources in Canada and accounts
for 32% and 36% for Eastern Canada and Western Canada in the region-wide scenario, respectively,
it does not have a significant role in other sub-regions. It should be noted that hydropower has the
highest share with 36% among all RE resources in Western Canada, following by solar PV and wind
energy in the region-wide and area-wide scenarios. However, the share of hydro declines in the
integrated scenario to 17%. It can be explained by the fact that when the demand for water desalination
and industrial gas are added to the integrated scenario, wind energy is the most cost-competitive
option compared to other resources. Therefore, the model prefers to use more wind energy in the
system. On the other hand, US-Tennessee Valley Authority has only a 4% share of hydropower in the
region-wide scenario, while the rate increases in the area-wide and integrated scenario by 10% and
14%, respectively. A state of charge profile for hydro dams is shown in the Supplementary Materials
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(Figure S5). As can be seen, the highest filling state of hydro reservoirs is in the summer months of
a year.

The interconnection of the sub-regions via HVDC transmission lines decreases the installed
capacities of PV by 32%, as shown in Figure 8 and Table 2, from the region-wide to the area-wide
scenario. In the case of the integrated scenario, installed capacities for PV and wind increase
significantly by 44% and 81% compared to the area-wide scenario, respectively, due to the higher
demand for electricity and increased system flexibility. PV self-consumption plays a key role in
North America due to high enough electricity prices. PV self-generation covers 75%, 80% and
82% of residential, commercial and industrial prosumer demand, respectively. An overview of PV
self-consumption is provided in the Supplementary Materials (Table S13).

The interconnected HVDC transmission grid, together with the RE generation and demand,
significantly influence the requirement of total storage capacity, but also change with the need of
different storage technologies for the energy system in the whole region. The throughputs of the battery
system, A-CAES and gas storage decrease by 58%, 100% and 32%, respectively, from the region-wide
to the area-wide scenario. Therefore, A-CAES storage technology experienced the highest decline in
comparison to other storage technologies, which had been already observed in other regions in the
world [37] while the need for PHS technology increased from 7.9 TWhel to 8.4 TWhel in the area-wide
scenario. The installation of HVDC lines leads to a reduction of the storage technology utilization
as the transmitted electricity is lower in cost in many cases than storage options. Installed capacities
of batteries, PHS, A-CAES, heat storage, PtG and gas turbines decrease due to the expansion of the
grid. The storage discharge capacities, annual throughput of storage and full load cycles per year
are provided in the Supplementary Materials (Table S14). State of charge profile diagrams for the
area-wide scenario for battery, PHS, gas storage and A-CAES are given in the Supplementary Materials
(Figure S4).

Electricity generation, demand, storage charging and discharging, grid utilization and curtailment
curves for the area-wide scenario are illustrated in the Supplementary Materials (Figure S6). A storage
curve for all hours of a year is shown by a black line and is calculated based on generation minus
load. Electricity generation is more than demand in North America for about 5000 h of the year. The
excess electricity can be stored in energy storage technologies and used when the demand increases.
The reason for high electricity generation can be attributed to the inflexibility of energy sources, due
to the high share of solar and wind energy. The higher share of solar and wind resources can be
justified by higher solar irradiation and wind speed during these hours of the year in North America.
Consequently, flexibility options are required in order to have a well-balanced and an optimally
structured energy system. Hydro dams, biogas, biomass, geothermal energy and discharge of energy
storage technologies are among the options that provide flexibility to the system. As observed for
the other hours of the year, the inflexible electricity generation options plummet. This is because the
electricity demand reduces and there is a need for flexible electricity generation options, discharge
of energy storage technologies and utilization of the grid. There is curtailment in about 1000 h of the
year, but for all the other hours the HVDC lines enable the export of the electricity from the best RE
producing sub-regions to other sub-regions of remaining demand or due to charging of storage.

The grid utilization profile for North America can be found in the Supplementary Materials
(Figure S7). It can be observed that the grid utilization is distributed among different hours of a day.
However, it is mostly used in the morning and evening hours. The least hours of electricity transmission
are between 10 am and 15 pm, particularly in the first half of the year. This can be explained by seasonal
variation in North America. When solar irradiation is at its maximum, grid utilization is at its minimum.
The capacities and utilization of the transmission lines between different regions are shown in the
Supplementary Materials (Table S15). The largest interconnected electrical grid capacity is from Eastern
Canada to US-New England & New York with 90 GW. The second largest one is from US-New England
& New York to US-Mid-Atlantics with 65 GW.
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The key findings of the integrated scenario energy system from generation to demand are
depicted by an energy flow diagram (Figure 9). The diagram is comprised of the primary RE
resources, the energy storage technologies, HVDC transmission grids, total demand of each sector
and system losses. Power, desalination and industrial gas are the three sectors considered for the
integrated scenario. The recovered usable heat and system losses can be explained as the difference
between primary electricity generation and final electricity demand. The difference includes heat
produced by biogas, biomass and waste-to-energy power plants, curtailed electricity, heat generated
from electrolysers for transforming power-to-hydrogen, transforming hydrogen-to-methane in the
methanation process and producing power from the methane in gas turbines. Efficiency losses lead to
battery storage, PHS, A-CAES and HVDC transmission grid losses. The energy flow diagrams for the
area-wide and region-wide scenarios are enumerated in the Supplementary Materials (Figure S8).
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5. Discussion

5.1. Interpretation of Findings

The electricity cost is decreased remarkably in the RE-based system due to installation of a HVDC
transmission grid. Similar HVDC grid interconnection impact on electricity cost has also been observed
in other studies carried out with the same criteria [14,34–39]. The total LCOE in North America declined
from 63 €/MWh for the region-wide scenario to 53 €/MWh for the area-wide scenario and to 42 €/MWh
for the integrated scenario. By comparing with the region-wide scenario, it can be highlighted that
regions such as US-Southern, US-Midwest and US-California experienced the highest reduction of
total LCOE in the area-wide scenario, by around 17%. In contrast, the total LCOE rose in some regions
such as US-Tennessee Valley Authority, US-New England & New York and US-Mid-Atlantics from
region-wide to area-wide scenario, by 16%, 12% and 8%, respectively. This can be justified on the basis
that in these three regions the electricity cost is lower when they are independent. However, in most of
the regions HVDC grid interconnection leads to a decrease in the cost of electricity.

The total annual system cost decreased from 388 b€ in the region-wide scenario to 321 b€ in
the area-wide scenario. The total capex requirements dropped substantially from 3502 b€ for the
region-wide scenario to 2945 b€ for the area-wide scenario. However, the total annualized cost and
the total capex increased drastically for the integrated scenario by 498 b€ and 4668 b€, respectively,
to cover the excess electricity needed for industrial gas and water desalination sectors. Additional costs
incurred due to HVDC transmission grid infrastructure in the area-wide scenario are compensated by
a significant decline in installed capacities of electricity generation and energy storage. This is due to
lower cost of power transmission compared to energy storage, lower efficiency losses and access to low
cost electricity generation in other sub-regions. It should be noted that the HVDC transmission grid
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may not cover the electricity supply in rural areas in Mexico, since RE-based mini-grid applications
based on PV systems, small wind power and micro-hydro plants might be a more suitable solution
together with grid extension [72–76].

PV technologies followed by wind energy account for the largest share of installed capacities
for a 100% RE energy based system in the region-wide and the area-wide scenarios. The reason is
that these technologies have well distributed FLH all over North America and are the least-cost RE
technologies in most of the cases. In comparison, the share of wind energy increased in the integrated
scenario by 48% of total installed capacity, followed by PV by 45%. However, an increase in the share
of wind could be inverted again after 2030, since the learning curve of PV continues [77], in particular
in combination with batteries [78,79]. On the other hand, the learning curve of wind is not so sharp,
i.e., the share of PV is expected to grow year by year. Such an effect had been found for instance for the
case of Ukraine [80], Saudi Arabia [81], Iran [82] and India [83]. In addition, the installation of small
and utility-scale PV plants is already profitable in several countries and PV electricity generation cost
is forecasted to further decrease [84].

5.2. The Benefits of Sectors Integration

The integrated scenario focuses on the integration to cover current non-energetic natural gas
demand in the industrial sector (the gas demand for heat generation and residential use are not
considered in this study) by flexible generation of SNG and renewable water demand by SWRO
desalination. North America has sufficient RE resources to cover additional electricity demand to
produce 2134 TWhth (218 bcm) of SNG and 84 billion m3 of renewable water. Nonetheless, expected
growth in electricity demand stimulates a rise in electricity cost due to inconvenient distribution and
profiles of RE generation. Additional generation of electricity to cover 4246 TWhel for gas synthesis
and SWRO desalination promotes a supplementary installation of RE capacities of 1850 GW of PV
and 1980 GW of wind energy. Furthermore, there is a noticeable increase in electrolyser units of about
388 GW (+719%) and a significant reduction in CCGT capacities of about 94 GW (−91%). This can
be explained by flexibility provided by CCGT in the area-wide scenario on the supply side to be
substituted by flexibility of electrolysers in the integrated scenario on the demand side.

In addition, the system generates excess heat as a by-product of different processes such as biogas
and biomass CHP plants, waste-to-energy incinerators and gas turbines, as well as excess electrical
energy which can be curtailed or converted to usable heat and stored in heat storage. The usable heat
amount varies from 498 TWhth (7% of total generated electricity) per year for the area-wide scenario
up to 735 TWhth (10% of total generated electricity) for the region-wide scenario. The amount of usable
heat in the integrated scenario is 828 TWhth, which is noticeably larger than for the area-wide scenario
because of higher losses in gas turbines, methanation and electrolysis. Totally, the estimation of the
integration benefit for the electricity, industrial gas and water sectors is around 56 b€ of the annual
system cost (Figure 10). An additional reduction of 774 TWh and 208 TWh can be seen in electricity
generation and curtailed electricity, respectively. Further, the cost of desalinated water is affordable at
1.1 €/m3. The electricity cost decreases by 21% to 42 €/MWh for the integrated scenario in comparison
to the area-wide scenario.
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5.3. A Comparison Between the Analysed Scenarios and a Business as Usual Scenario

Many researchers, energy experts and decision-makers might argue that the LCOE based on the
current energy system is much lower than a transition to a 100% RE-based system. Therefore, a brief
review on this argument is necessary to better evaluate and introduce a 100% RE system as a viable
alternative in the mid-term future. As such, a business as usual (BAU) scenario was analysed for
the year 2030 based on the Current Policies Scenario published by the IEA in World Energy Outlook
(WEO) 2014 [85] and presented in a more comprehensive way by the Greenpeace report [86]. The mix
of installed capacities and respective costs for the BAU scenario are provided in Table 3.

Table 3. Total installed electricity capacities for the BAU scenario in 2030, taken from WEO [85] and
Energy [R]evolution scenario [86], and the cost of all technologies assumed as presented in this study.
The cost of solar PV is based on weighted average of all considered technologies and installed capacities
in the country-wide scenario.

Technology Installed Capacity [GW] Capex [€/kW] Opex [€/kW] LCOE [€/MWh]

Solar PV 70 731 11 47
CSP 9 327 8 11

Wind energy 144 1000 20 38
Biomass power plants 31 2500 175 70

Geothermal power 7 4470 80 59
Hydro Run-of-River 41 2560 105 82

Hydro dams 176 1650 66 52
Gas-fired power plants 625 675 18 86

Oil power plants 30 500 10 491
Diesel-fired power plants 10 310 6 187

Coal power plants 349 1500 20 23
Nuclear power plants 123 5000 200 81

To calculate the LCOE of the BAU scenario, two components are taken into consideration. For the
first case (LCOEBAU), CO2 emission cost is excluded from the calculated cost. However, in the
second setting (LCOEBAU-CO2), a 59.8 €/tCO2 [87] emission cost is considered. The costs of electricity
transmission were not included in the final cost of the system mainly because AC grid costs and
electricity distribution are not found in the literature. Consequently, in order to compare LCOE of the
BAU and 100% RE scenarios, LCOT is excluded from the total LCOE for the country-wide and the
area-wide energy system scenarios. It should be noted that the costs of all resources, including fossil
fuels, RE and nuclear energy, are based on the cost projection in this study, as shown in Table 3.

Figure 11 presents the results for LCOEBAU and LCOEBAU-CO2 compared to the LCOE of the 100%
RE scenarios for the power sector only in North America. The calculated LCOEBAU and LCOEBAU-CO2

are 59 €/MWhel and 82 €/MWhel, respectively. LCOEBAU is 10% and 16% more expensive than the
country-wide and area-wide scenario, respectively. However, the highly decentralised region-wide
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scenario is slightly more costly than LCOEBAU, which can be justified by the fact that regions are
independent and there is no interconnection between regions, thus the final cost of the system is
modestly higher. As a result, a 100% RE power system is lower in cost in most cases for a significant
increase in the electricity demand of North America by 2030. This indicates that even under a no CO2

emission cost policy a fully sustainable energy system would be an attractive alternative. On top of
that, if CO2 emission costs were considered, LCOE in the region-wide, country-wide and area-wide
scenarios are considerably lower than LCOEBAU-CO2, ranging from a lower cost of 25% to 40% as
demonstrated in Figure 11.

Energies 2017, 10, 1171 18 of 27 

 

independent and there is no interconnection between regions, thus the final cost of the system is 
modestly higher. As a result, a 100% RE power system is lower in cost in most cases for a significant 
increase in the electricity demand of North America by 2030. This indicates that even under a no CO2 
emission cost policy a fully sustainable energy system would be an attractive alternative. On top of 
that, if CO2 emission costs were considered, LCOE in the region-wide, country-wide and area-wide 
scenarios are considerably lower than LCOEBAU-CO2, ranging from a lower cost of 25% to 40% as 
demonstrated in Figure 11. 

 
(a)

 
(b)

Figure 11. Comparison of LCOEBAU (a) and LCOEBAU-CO2 (b) to region-wide, country-wide and area-
wide scenarios. 

It is important to highlight that there are more major and minor parameters that can influence 
the total cost when discussing a radical change in the energy system. In addition to the financial 
benefits of RE, there are more advantages that can be categorized as emission reduction, the 
improvement of socio-economic aspects, a vast and unlimited energy supply, securing access to 
freshwater resources even in arid and semi-arid areas, environmental protection, more jobs and other 

-10

0

10

20

30

40

50

60

70

LC
O

E 
(€

/M
W

h)

Region-wide Country-wide Area-wide 

↑ 7%

↓ 10% ↓ 16%  

BAU without CO2 
costs 

0

10

20

30

40

50

60

70

80

90

LC
O

E 
(€

/M
W

h)

Region-wide Country-wide Area-wide BAU with CO2 
costs 

↓ 25% ↓ 36% ↓ 40%  

Figure 11. Comparison of LCOEBAU (a) and LCOEBAU-CO2 (b) to region-wide, country-wide and
area-wide scenarios.

It is important to highlight that there are more major and minor parameters that can influence the
total cost when discussing a radical change in the energy system. In addition to the financial benefits
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of RE, there are more advantages that can be categorized as emission reduction, the improvement of
socio-economic aspects, a vast and unlimited energy supply, securing access to freshwater resources
even in arid and semi-arid areas, environmental protection, more jobs and other economic benefits
to regional areas. Considering all the above-mentioned factors, the LCOE of BAU scenarios would
increase further and 100% RE scenarios experience much lower costs.

5.4. Comparison of Our Results with Other Studies

A study carried out by IRENA [88] reveals that doubling the share of RE in the U.S. by 2030
is achievable due to the best wind, solar, geothermal, hydro and biomass resources in the country.
Apart from that, the U.S. has a vibrant culture of innovation, plentiful financing opportunities, and a
highly skilled labour force for making possible a transition from a conventional energy system towards
a sustainable energy system. Solar PV is considered as a main RE resource in the country and it is
expected that 135 GW of solar PV would be installed by 2030. A rapid reduction in the price of solar PV
technologies has also been discussed and LCOEs of 33–41 €/MWh for utility-scale and 63–74 €/MWh
for rooftop installations are anticipated for the year 2030 in the IRENA study. However, the study
assumes higher costs than listed in this research, and also in comparison to others [19]. In comparison
to solar PV, onshore wind seems to have a better potential to become a leader of RE resources in the
U.S. with installed capacity of 314 GW by 2030, according to IRENA [88]. The LCOE for wind energy
is assumed to become 37–44 €/MWh.

A high share of RE resources for the energy sectors has been studied and planned for different
states and cities of the US, such as Washington State, Hawaii and San Francisco. Hawaii has set a
target for achieving an RE goal of 100% by 2045 [89]. In other words, Hawaii should be running only
on electricity produced by RE resources in 30 years. Nevertheless, 70% of electricity in the state was
generated by oil in 2013, and coal accounted for 14% of total electricity production [90]. In addition
to breaking away from fossil fuels, policymakers want to save money, which is currently spent on
importing fossil fuels every year. San Francisco has a goal to achieve a 100% renewable electricity
supply community wide by 2030 [91]. A study carried out by Jacobson et al. [92] analysed the potential
and consequences of Washington State’s use of wind, water and solar (WWS) to produce electricity
and electrolytic hydrogen for 100% of its all-purpose energy in different sectors by 2050. The study
shows that an 80–85% conversion can be achieved by 2030. Even more, they expected to experience a
reduction in power demand by around 40% due to electrification plus modest efficiency measures.
A similar approach has been studied for each of the 50 United States [5]. The results show that US
all-purpose load would be met with 30.9% onshore wind, 19.1% offshore wind, 30.7% utility-scale PV,
7.2% rooftop PV, 7.3% CSP with storage, 3% hydroelectric, 1.25% geothermal, 0.37% wave power and
0.14% tidal power. As a result, a 100% renewable energy is a real policy option for North America and
is not wishful thinking anymore. Grid interconnection will also enable an easier transition to a fully
sustainable energy system in the mid-term future.

The findings for a North American 100% RE-based energy system clearly reveal that the potential
of the region for RE generation, in particular for solar and wind energy, is quite high. By applying this
system to the region, not only North America can fulfil all electricity demand in the region itself, but also
it could potentially export the rest of the production to other continents. The result of a reasonably low
LCOE in all the considered scenarios for the year 2030 combined with better RE policies and carbon-free
development plans can intensify the development of a renewable powered energy system in the region
in the coming years. Several studies have been already discussed about various alternatives to reduce
the production of fossil fuels and to achieve a low carbon based energy system [93,94]. Some studies,
such as IEA [13], have mostly addressed non-renewable options, such as nuclear energy, coal and
natural gas based CCS. However, the LCOE values of the addressed alternatives are high compared to
our findings, which are listed as follows: Levy 1 and 2 nuclear reactors in Florida are estimated to be
108–136 €/MWh by 2023 [95], the future cost of nuclear power is assessed to be at least 76 €/MWh and
possibly 117 €/MWh in France [96], 112 €/MWh for new nuclear in the U.K. and Czech Republic by
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2023 [93], 112 €/MWh for gas CCS (considered for 2019 in the U.K.) [93] and 126 €/MWh for coal CCS
(presumed for 2019 in the U.K.) [93]. With respect to coal power plants with CCS, the Kemper plant,
the leading U.S. “clean coal” project, was found to be unprofitable and uncompetitive under current
conditions in the energy market [97]. Moreover, a report published by the European Commission [98]
discusses the low probability of CCS technology being commercially available before the year 2030.
The findings for Europe are assumed to be also valid for North America in the mid-term. In addition,
several studies for 100% RE by 2050, such as WWF [99] and Greenpeace [86], state that nuclear fission
produced dangerous waste that remains extremely toxic for many years and it cannot be stored safely
anywhere in the world. Consequently, these studies have assumed a phase-out of nuclear energy due
to sustainability reasons. Dittmar [100] also points out that the financial and human research and
development resources spent for nuclear fusion cannot solve the energy problems in the world and
even worse these resources are not available for research of pathways towards a low cost energy future.

The 100% renewable resource-based energy system options for North America demonstrated
and described in this paper seem to be substantially cost-effective (about 63–67% lower cost) than the
other alternatives, when comparing the integrated scenario with nuclear energy and CCS technology,
both of which have still further drawbacks. These include nuclear melt-down risk, nuclear terrorism
risk, unsolved nuclear waste disposal, nuclear weapons proliferation, remaining CO2 emissions of
power plants with CCS technology, a diminishing conventional energy resource base and high health
cost due to heavy metal emissions of coal fired power plants [24].

6. Conclusions

This study analyses the technical and economic feasibility for North America to convert the
energy infrastructure into an energy system powered solely by solar PV, wind energy, hydropower
and other RE resources. The study is based on technical and financial assumptions for the year 2030.
Existing RE technologies can generate sufficient energy not only to cover all electricity demand in
North America for the year 2030 on a cost level of 42–63 €/MWhel, but also to potentially export the
additional electricity to other countries. In addition, the electricity demand, gas demand and clean
water demand can be supplied by electricity generation based on RE resources as well. PtG and SWRO
desalination technologies are used to provide renewable synthetic natural gas and clean water supply
powered by 100% RE system. The advantage regarding the use of RE for electricity generation has been
discussed through four scenarios; the region-wide, country-wide, area-wide and integrated scenarios.

Extreme dependency on fossil fuel resources to generate electricity, rather low prices of the
non-renewable resources and high share of nuclear power lead to a low share of RE in the region today,
especially in the U.S. and Mexico. However, the ‘net zero’ greenhouse gas emissions agreed at COP21
in Paris clearly guides the pathway towards sustainability. In order to cut the dependency of the North
American power sector on fossil fuels, variable RE technologies are taken into consideration for a 100%
RE-based power system. In the cost competitive RE mix presented in this study, solar PV dominates
the energy system in the electricity sector by 45–56% of total RE share, depending on the defined
scenarios, in most sub-regions of North America. This is followed by wind energy with 29–48% of total
RE share. For all the considered scenarios, solar PV technology has the highest installed capacities in
most of the sub-regions; however, for the integrated scenario the role of PV decreases in sub-regions
where wind sites are the least cost technology and high potential of wind resources are available. It is
important to note that an increase in the share of wind could be inverted again after 2030, since the
learning curve of PV continues, in particular in combination with batteries. However, the learning
curve of wind is not so sharp, i.e., the share of PV is expected to grow year by year.

Heat generated as a by-product of electricity, synthetic natural gas generation and curtailed
electricity conversion can cover up to 828 TWhth of heat demand. The HVDC transmission power
lines play a substantial role in the energy system since interconnected power transmission enables
a significant cost reduction, a significant reduction of primary generation capacities and a cut-off of
storage utilization. A remarkable decline can be seen in the case of A-CAES, where the need for storage
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dropped dramatically in the area-wide scenario and the integrated scenario by around 100%. It was
found that industrial SNG generation in the integrated scenario substituted SNG storage as seasonal
storage for the electricity sector. SNG production is used instead of gas turbines in the case of energy
deficit for the integrated scenario, adding a major source of flexibility to the system.

Based on the presented results, current barriers to implement a 100% RE-based system are neither
technical nor economic for the applied year, since it is proven that a fully sustainable power system is
quite competitive and lower in cost compared to BAU scenarios, with or without considering CO2

emission costs. As such, main obstacles would be political and social. Nuclear energy and fossil fuels
are profitable for many energy investors across the world and those investors voice a strong opposition
to a transition to a fully RE-based power system. In addition, most people are not completely aware of
the potential of RE resources in their countries and how they will benefit from them. More detailed
analysis is needed to overcome the aforementioned challenges.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/10/8/1171/s1,
Figure S1: Hourly generation profile for a net exporter region, Eastern Canada, Figure S2: Hourly generation
profile for a net importer region, US-Mid-Atlantics, Figure S3: Hourly generation profile for Southern Mexico, an
example of a balancing region, Figure S4: Aggregated yearly state-of-charge for storage in area-wide scenario,
battery (top left), PHS (top right), gas storage (bottom left) and A-CAES (bottom right), Figure S5: State-of-charge
for hydro dams in the area-wide scenario, Figure S6: Electricity generation curves for a whole year for area-wide
scenario for North America, Figure S7: Profile for interregional electricity trade between regions with the absolute
numbers (left) and with power line utilisation (right) for area-wide scenario for North America, Figure S8: Energy
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AC alternating current
A-CAES adiabatic compressed air energy storage
b€ billion euro
BAU business as usual
capex capital expenditures
CCGT combined cycle gas turbines
CCS carbon capture and storage
COP21 21st yearly session of the Conference of the Parties/Paris Agreement
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CSP concentrating solar thermal power
DBFZ German Biomass Research Centre
FLH full load hours
GT gas turbine
GW gigawatt
GWh gigawatt hour
HHB hot heat burner
HVDC high voltage direct current
ICE internal combustion engine
IEA International Energy Agency
IPCC Intergovernmental Panel on Climate Change
IRENA International Renewable Energy Agency
ISE Fraunhofer institute for solar energy system
km2 square kilometre
LCOC levelised cost of curtailment
LCOE levelised cost of electricity
LCOG levelised cost of gas
LCOS levelised cost of storage
LCOT levelised cost of transmission
LCOW levelised cost of water
m3 cubic meter
MWh megawatt hour
OCGT open cycle gas turbines
OECD Organization for Economic Cooperation and Development
opex operational expenditures
PEAER Special Programme for the use of RE
PHS pumped hydro energy storage
PtG power-to-gas
PtH power-to-heat
PV photovoltaic
RE renewable energy
RoR Run-of-River
SNG synthetic natural gas
ST steam turbine
SWRO seawater reverse osmosis
TES thermal energy storage
TWh terawatt hour
UN United Nations
USD United States Dollar
WACC weighted average cost of capital
€ euro
Subscripts
el Electric units
th Thermal units
th, a Thermal units, annual
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