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Abstract: We examine a different approach to complete the decarbonization of the Russian economy
in a world where climate policy increasingly requires the radical reduction of emissions wherever
possible. We propose an energy system that can supply solar and wind-generated electricity to fulfill
demand and which accounts for intermittency problems. This is instead of the common approach
of planning for expensive carbon capture and storage, and a massive increase in energy efficiency
and, therefore, a drastic reduction in energy use per unit of Gross Domestic Product (GDP). Coupled
with this massive increase in alternative energy, we also propose using excess electricity to generate
green hydrogen. Hydrogen technology can function as storage for future electricity needs or for
potential fuel use. Importantly, green hydrogen can potentially be used as a replacement export for
Russia’s current fossil fuel exports. The analysis was carried out using the highly detailed modeling
framework, the High-Resolution Renewable Energy System for Russia (HIRES-RUS) representative
energy system. The modeling showed that there are a number of feasible combinations of wind and
solar power generation coupled with green hydrogen production to achieve 100% decarbonization of
the Russian economy:.

Keywords: decarbonization; 100% renewable energy; representative energy system; green hydrogen

1. Introduction

The growth of the carbon-free global economy is a clear response to the challenges
of climate change [1]. For Russia, it means a twin transition challenge: on the one hand,
Russia should decarbonize its economy in accord with the rest of the world, on the other
hand, Russia will face the imminent loss of its position as one of the leading exporters of
fossil fuels and carbon-intensive products. Thus, Russia needs to decarbonize its economy
and simultaneously find a new place in the rapidly changing global economy. This paper
looks for a feasible, although not necessarily optimal, strategy that addresses the primary
challenge of decarbonization. This paper also explores the replacement of fossil fuel exports
with green energy development.

The net-zero target itself, along with the rapid development of green energy, is a
relatively new subject for economic research in general and for Russia specifically. Not
that long ago, the idea of 100% renewable energy in power generation seemed nearly
impossible. Advances in alternative power generation, distribution, storage, and changes
in consumption, have created a foundation for a new energy future. The feasibility debate
in the energy economics literature has been settled in favor of renewable energy [2-5].
Peer-reviewed research published in the last few years makes a strong case, supported by
robust quantitative analysis, for this reality [6]. This transition is not only feasible but also
cost efficient. For example, refs. [4,5] demonstrate the technical possibility and economic
feasibility of the global transition to 100% renewable energy systems.

It is widely agreed in the literature, net-zero transition may still be challenging for
energy modeling [2]. However, as has been shown by recent publications on 100% renew-
able energy [2,4,5], the question is “when and how, but not if”. Country-specific research is
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needed to study the transition in greater detail, including issues of spatial resolution and
the real-time balancing of supply and demand. According to [6], an increasing number of
studies of the energy transition pathways in the EU, USA and Australia show its feasibility.
At the same time, studies show such important fossil fuel consumers and CO;-emitters
like China, Russia and India being left behind. Country-specific analysis provides essential
detail that cannot be captured by the global analyses due to the complexity of the modeling
transition pathways to 100% renewable energy. Lugovoy [7] explores the zero-carbon
transition of China’s electric power generation and [8] summarizes results of an analogous
study for India. Few studies have examined the feasibility of a zero-carbon transition for
Russia. Analyses that focus on the deployment of renewable energy in rural and isolated
remote areas are either incomplete or include only a very modest share of renewables [9,10].
In one case [5], Russia is represented as a part of a larger region. Although this analysis
demonstrated the feasibility and viability of a net-zero transition for Russia, it lacked the
necessary detailed analysis to justify the case. The value added of our paper is its focus on
the twin challenges of decarbonization for Russia and for other carbon-dependent countries,
including how to decarbonize the economy while simultaneously reclaiming a new role
in the global division of labor to substitute a retreat from a position as one of the world’s
leading exporters of fossil fuels.

Many approaches to decarbonizing the economy usually assume a significant reduc-
tion of energy consumption per unit of GDP and use of carbon capture and storage (CCS).
The traditional approach to modeling a 100% renewable energy system combines interven-
tions on the consumption side with a radical rebalancing of the primary energy mix. On
the demand side, the emphasis is usually on energy efficiency and on the radical reduction
in energy consumption per unit of GDP. Many studies also see the possibility of a 2050
with 100% energy supply from renewables [11-13], although with significant increases in
energy efficiency.

This study is an attempt to explore the transition to a carbon-free future in a completely
different direction. Here, we examine the possibility of a radical expansion in wind and
solar energy leading to a significant increase in electricity production. The proposed
radical increase is a response to the reliability challenges of alternative energies. In other
words, we propose to build a power supply system that meets critical demand with very
high probability but on average produces an over-supply of electricity. Here, extreme
energy efficiency improvements are important to curtail critical demand but are not the
main solution. This strategy is the answer to the second part of the twin decarbonization
challenge. Producing green energy in excess, Russia may then build a new comparative
advantage by diversifying the economy and having exports with low Scope One and
Scope Two emission footprints. The difference with this approach is the increase in energy
production and the production and use of hydrogen coupled with the building of a flexible
demand. This is the proposed approach for Russia to solve the challenges of the carbon-free
energy transition while at the same time creating a new niche for profitable exports.

We examine an accelerated convergence to alternative energy primarily based on wind
and solar, which would lead to the creation of a completely different profile of the entire
Russian economy. Our goal is to demonstrate the feasibility of such a strategy to respond
to these two challenges, rather than conduct a comprehensive optimization analysis of the
transformation of the Russian economy. We used relatively high-cost estimates because if
any proposed strategy is feasible under these cost assumptions it will most likely be feasible
if actual costs are lower than expected. This is not the case in the other direction. Russia is
a country with an exceptionally harsh climate, where developing renewable energies could
prove to be more costly in comparison to other countries. Lower cost estimates that are less
reliable could undermine the feasibility of a proposed strategy.

We also focus on hydrogen production, not because it is definitively the best option
for the use of excess electricity, but because it is a plausible option. However, as a techno-
logically advanced country, Russia can consider several other options to use this excess
electricity to diversify its economy. Nonetheless, Russia could build a strong position in the
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world market as a significant exporter of green energy goods. One of these goods could
be hydrogen. According to the literature, “green hydrogen will be an essential part of the
future 100% sustainable energy and industry system” [14].

An analysis of the transformation of the entire Russian economy based on readily
available and inexpensive electricity is beyond the scope of this study. However, because
the Russian economy’s total electrification may take from 30 to 40 years, it is reasonable
to assume there will be sufficient time for any approach to rebalance its capital stock in
industry, transportation and the service sector. However, if reductions in emissions are
carried out in too quickly, and mainly due to international pressures, then the losses from
investments in the fossil fuel energy sector, along with the loss of income from the export
of fossil fuels, the effect of GHG reductions would be extremely negative.

In all cases, the reduction in emissions will have real benefits for Russia. The reduction
in air pollution associated with GHG emissions, would lead to a significant reduction in
annual mortality, which is consistent with other analyses [12]. It is also an opportunity to
build a more stable economy, with greater energy productivity and less dependence on
oil prices. It would enable participation in global climate policy and avoid any potential
problems from border tax adjustments.

The following section describes in detail the overall modeling framework, the assump-
tions and data sources. Then the results show feasible alternatives for decarbonization
and detailed changes to the energy sector. Finally, the significance of the results and the
possibilities and necessity of changes in a decarbonizing global economy are shown in the
discussion and conclusions.

2. Materials and Methods
2.1. Description of Modeling Framework

The modeling framework was designed to build a 2050 energy balance with net-zero
carbon and then build the transition dynamics that show that solar and wind power can
provide all primary energy consumption, and that some of this can be converted into
green hydrogen. To develop these decarbonization and hydrogen production scenarios,
we used a partial equilibrium optimization framework, the High Resolution Renewable
Energy System for Russia (HIRES-RUS). The framework consists of two models: a high-
frequency (hourly) power generation model (RUHOUR) and a representative energy model
(RUTIMES), which covers the entire energy sector in Russia. The first model is neces-
sary to analyze the possibility of constructing a power generation system that ensures a
stable meeting of demand using intermittent alternative energy sources. The second (RU-
TIMES [15-17]) is used for the construction of the transient dynamics up to 2050. RUTIMES
includes renewables and fossil fuels, the heating and electricity generation sector, refineries,
cement, iron and steel production, buildings, freight and passenger transport, pipeline
distribution networks, and other industries, including non-energy use consumption.

Temporal resolution in the energy model (RUHOUR) includes the balancing of hourly
supply and demand. The model contains 8760-time steps (365 days for 24 h), and 7 re-
gions (Central, Northwest, Ural, Siberian, Far East, South and Volga regions). Mete-
orological calibrations were from detailed data in hourly increments (MERRA-2 col-
lections tavgl_2d_flx_Nx (Surface Flux Diagnostics), tavgl_2d_rad_Nx (Radiation Di-
agnostics) and tavgl_2d_slv_Nx (Single-level atmospheric state variables) downloaded
from NASA Goddard Earth Sciences (GES) Data and Information Services Center (DISC)
(https:/ /disc.gsfc.nasa.gov/datasets?project=MERRA-2 (accessed on 28 June 2021)) using
GNU Wget network utility (https://disc.gsfc.nasa.gov/data-access (accessed on 28 June
2021) (also see [18]). Parameters of the power generation technologies were calibrated using
Lazard’s Levelized Cost of Energy Analysis (Lazard) and Storage technology (EA-ETSAP
and IRENA® Technology Policy Brief E18—April 2012). Key technology assumptions in
the model are shown in Table 1.
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Table 1. Key Technology Assumptions.

Technology

Cost Technical Parameter

Solar PV

Solar availability factor varies between
9-28% depending on location, and is
estimated using Sandia’s plane-of-array
Investment cost—$825/kW, Fixed Operating model and algorithms for solar-array
and Maintenance (O&M)—$9.5/kW /year trackers ! for a fixed tilted, 1-axis tracking
system and 2-axis tracking system, with an
operational life of 20 years, and is shown in
the merra2o00ls package >

Wind Onshore

Wind availability factor can vary between
13% and 57% depending on station location,
with precision data calculated using the
merra2o0ls package, with an operational life
of 30 years. Wind speeds for 100 m and
150 m were approximated from values at
10 m and 50 m.

Investment cost $1050/kW, Fixed
O&M—$27 /kW /year

Storage

10% loss during charging, operational life of

$250/MWh investment cost
15 years

500-kV HVDC transmission line

Losses vary between 2.5% and 7.2%
depending upon distance between regions
(Losses = 0.6% + 2.9% for every 1000 km).

$367M per HVDC converter station in one
direction, $0.87M per 1 km, for 2.4 GW

Hydrogen electrolysis 3

Efficiency of 51 kWh/kgH?2, availability
factor greater than 15%, with an operational
life of 20 years

Fixed O&M, $18/kW /year, Investment cost
of $900/kW /year

! Sandia National Laboratories (2021). PV Performance Modeling Collaborative. Sandia National Laborato-
ries https://pvpmec.sandia.gov/ (accessed on 3 July 2021). 2 https://github.com/energyRt/merra2ools (ac-
cessed on 2 January 2022), https:/ /datadryad.org/stash/dataset/d0i:10.5061/dryad.v4Inslrtt (accessed on 10
January 2022). 3 IRENA 2018. Hydrogen from Renewable Power Technology Outlook for the Energy Transi-
tion 2018, (https://www.irena.org/-/media/files/irena/agency/publication /2018 /sep/irena_hydrogen_from_
renewable_power_2018.pdf (accessed on 22 December 2021).

For the low-cost scenario, Solar PV, CAPEX and OPEX battery systems were estimated
from [19] and assume that the cost of PV will fall by 62% and battery costs will fall by 74.2%.
We assume that the cost of wind will decrease by at least 31%, as for the last 10 years [20],
as well as the estimates of fuel cell costs [21].

The hourly balancing issue is a very challenging problem for large-scale energy capac-
ity planning models [22] as each year includes 24 x 365 hourly time steps. To avoid this
excess computational complexity, we solve the hourly model just for the year 2050. This
will be the year when the hourly balancing is the most challenging due to the highest share
of renewable energy in the energy mix.

RUTIMES covers the entire Russian energy system but lacks hourly granularity. RU-
TIMES has a structure that includes all energy sectors in Russia, and also includes buildings
(residential and commercial), transport (freight and passenger), electricity and heat genera-
tion, refineries, iron and steel production, cement and other important industrial processes.
The RUTIMES was calibrated with historical data from 2012 to 2018 (Sources including an
official ROSSTAT, 4-TER, 11-TER, 6-TP, 22-housing and communal services, 23-N, 1-TEP,
Russia in numbers, Russian Statistical Yearbook, Federal State Statistics Service Demo-
graphic Yearbook of Russia, Housing in Russia, Rosatom. Annual Report 2015, Annual
Report of the RUSHYDRO Group, for 2017-2019, The Russian National Statistical Agency
for 2016-2019, Annual Report of Public Joint Stock Company “LUKOIL Oil Company”,
The annual report of PJSC “NK Rosneft”, the Annual report of PJSC “Gazprom”. Ministry
of Energy of the Russian Federation https://minenergo.gov.ru/ (accessed on 5 July 2021),
Long-term Program for the Development of the Russian Coal Industry for the period up
to 2030 (Ministry of Energy of the Russian Federation), STATE REPORT ON THE STATE
AND USE OF MINERAL RESOURCES OF THE RUSSIAN FEDERATION (Ministry of
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Energy of the Russian Federation), NOVATEK, NOVATEK. ANNUAL REPORT, ANNUAL
REPORT OF OJSC Surgutneftigaz, PJSC Transneft” http:/ /www.transneft.ru/ (accessed on
5 July 2021).”JSC Transneft”, The strategic development Program of JSC “Transneft” for the
period up to 2020, “On the STATE AND USE of MINERAL RESOURCES OF THE RUSSIAN
FEDERATION IN 2014,” 2014, THE MINISTRY OF ENERGY, “ The main indicators of
the oil industry in 2016.” https:/ /minenergo.gov.ru/node/910 (accessed on 5 July 2021)),
(BP, “Statistical Review of World Energy,” BP Stat. Rev. World Energy, MINISTRY OF
NATURAL RESOURCES AND ECOLOGY OF THE RUSSIAN FEDERATION ORDER No.
477 of 1 November 2013, ON APPROVAL OF THE CLASSIFICATION OF RESERVES AND
RESOURCES OF OIL AND COMBUSTIBLE GASES. 2013. ETSAP (Energy Technology
Systems Analysis Programme https:/ /iea-etsap.org/index.php/energy-technology-data
(accessed on 8 July 2021))). The model computes a transition scenario that rebalances
energy production and consumption capacities from the current state of the Russian energy
system from 2018 to 2050 with an energy mix computed by the hourly model. The major
economic and development assumptions are shown in Table 2. RUHOUR computes a
feasible solution for 2050 assuming net-zero emissions from electricity production and a
given level of hydrogen supply to meet domestic demand in 2050 and provide a hydrogen
supply of 12 EJ (or 100 MtH2). This amount of hydrogen would maintain an equivalent
export value of Russia’s current energy exports. 2050 is the year with the highest share
of renewable energy and the most inflexible electricity demand. Thus, solving the hourly
model for the year 2050 guarantees a feasible hourly solution for any earlier time during
the modeling period.

Table 2. Selected key indicators of economic development in Russia: assumptions by 2050.

Indicator 2018 2050
GDP (bln constant 2018 US$) 1744 4900
Population (mln) 146 146
Living space, m? /person 26 45
Fossil fuel exports, E]J 25 0
Hydrogen exports EJ 0 12
Emission, MtCO, 1463 0
Freight and Passenger transport demand, index % 100 200
Steel production, Mt 71 128
Non-energy fossil fuel demand, EJ 4.6 4.6

The HIRES-RUS model is based on energyRt [23], an open-source model generator im-
plemented in R (R: The R Project for Statistical Computing. R. https://www.r-project.org/
(accessed on 10 October 2021)) and including algebraic programming software languages
(GAMS, Python/Pyomo, Julia/JuMP, and GLPK/MathProg)). The model contains classes
of information including supply, technologies, commodities, demand, etc. Additionally,
it includes methods that are used to build models of a representative energy system ex-
pressed as a linear programming problem to meet exogenous final demand with minimal
costs, taking into account available and possible technological options, resources and other
constraints. The energyRt package has been compared with other modeling software and
based on the basic energy model it provides identical results with harmonization of the
parameters [24]. Additional information about the modeling system, including some of the
equations are shown in Appendix A.

2.2. Future Electricity Demand

Our assumptions about future electricity demand were designed to be on the very
high side to challenge our proposition that alternative energy could be produced in the
abundance required to minimize needs for energy efficiency and to be able to demon-
strate that the transition is feasible. We also assume no growth in either hydropower or
nuclear power.


http://www.transneft.ru/
https://minenergo.gov.ru/node/910
https://iea-etsap.org/index.php/energy-technology-data
https://www.r-project.org/

Energies 2022, 15, 683

6 of 27

There are three types of demand in the modeling system: critical demand for electricity,
which must be met at all times; flexible demand for electricity, which can be satisfied
at any time; the demand for hydrogen production for either export or domestic use,
which is also flexible in time. The hourly profile of critical demand in 2050 resembles the
electricity consumption profile in 2019 reported by the Russian Power System Operator
(https:/ /www.so-ups.ru/ (accessed on 9 October 2021)) but scaled up according to the
increase in total demand. In this study, we only modeled hydrogen produced by electrolysis.
We used IRENA [25] to calibrate the technological parameters for hydrogen production.
We did not explicitly model the storage and transportation of hydrogen.

In the modeling system, energy demand in 2050 is driven by government development
strategies and programs, as well as reasonable assumptions about the increase in energy
consumption by different sectors of the Russian economy. Our intention was to construct
a very challenging hourly profile of electricity demand that could still be fully met only
using alternative energy production. After shrinking in 2020, 2021 GDP growth in Russia
was forecasted to be 4.4% and then 3.1% for 2022 [26]. However, for this study we assumed
an extremely high annual GDP growth of 3.5%, even if highly unlikely over the long-term.
Although unlikely for the long-term, this assumption was designed as a challenge to be
met by growth in clean energy technologies. Other assumptions were that living space will
increase from the current 26 m?/person to 45 m?/person, an area that corresponds to a
level found in more developed countries. Additional challenging assumptions included
a doubling of automobile and freight transport demand, an increase in steel production
from 71 to 128 MT (including an additional 9 MT of steel demand to satisfy wind capacity
demand) and major growth in other industrial sectors.

Actual costs of alternative technologies have a degree of uncertainty. To ensure robust
results, we consider two exploratory mega scenarios: scenario set A is based on current
costs (figures from this scenario are marked as “a”) and scenario set B based on more
optimistic assumptions regarding the learning rate (figures from this scenario are marked
as “b”). Each scenario set, A and B, include 72 alternatives. For scenario B, we introduced
additional constraints on the deployment of solar energy. Although there is evidence for the
feasibility of PV deployment north of Helsinki [14], we restricted all locations higher than
60-degree latitude (latitude of Helsinki). The rationale was due to maintenance concerns in
areas with a very low density population and power infrastructure.

2.3. Solar and Wind Availability

All locations for generating electricity were divided into 250 possible clusters for solar
and for wind generation (for a total of 500 locations of the intermittent renewable energy
sources). Places where average annual availability factors were less than 10% for solar
and 15% for wind were not included in the clusters or in subsequent calculations. We
additionally assumed that only 10% of the area of each of the spatial clusters were available
for solar PV in contrast to 80% for wind turbines.

Preliminary experiments with the model demonstrated that total electricity production
should increase by a factor of approximately 10.5 to replace all other sources of energy. The
preliminary modeling showed that on average there will be a large net energy surplus and
that this surplus will be converted to hydrogen. Then, the following critical parameters,
shown in Table 3, were used to create a set of 72 specific alternatives for the analysis
of potential feasibility and effectiveness for 100% decarbonization. This included two
levels of electricity demand, three potential heights of wind turbines, three potential solar
tracking technologies, unlimited versus limited storage and two assumptions about trade
connectivity across the Russian domestic grid. The model solved an optimization for each
of the 72 alternatives. A search for a unique optimal solution is beyond the scope of this
paper. Instead, we examined each of the 72 alternatives for feasibility and effectiveness.
The goal was simply to identify potentially feasible energy mixes for 2050.
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Table 3. Parameters for 2050 feasibility analysis and assumptions to achieve minimum costs, leading
to 72 alternatives.

Parameter Alternatives Description

Total electricity demand is 48 EJ, 70% is critical demand, flexible
portion is 30%. Hydrogen demand is 12 EJ
Total electricity demand is 24 EJ, 70% is critical demand, flexible

Demand 1

2 portion is 30%. Hydrogen demand is 36 EJ
Wind 1 Wind speed at 150 m height
2 Wind speed at 100 m height
3 Wind speed at 50 m height
Solar 1 2-axis solar tracking
2 1-axis solar tracking
3 No solar tracking
Storage 1 Unlimited
2 No more than 14 TWh (23-29% of average daily consumption)
Trade 1 Trade with full connectivity across all regions of RES
2 Without isolated regions

2.4. Energy Storage

The intermittency of energy sources may be one of the main barriers to large-scale
deployment of solar and wind energy. The solution to the problem of intermittency is
possible with the help of a well-developed electricity transmission network and the use of
energy conservation and storage technologies. There are several types of energy conser-
vation, each with its own advantages and disadvantages. The use of Li-ion batteries and
accumulators is among the most promising for large-scale networks, which can solve the
problem of insufficient energy supply during the day. Despite the fundamental differences
between storage technologies, including large-scale hydro-pumped storage, from the point
of view of modeling, they are quite similar. The modeling used Li-Ion as the more expen-
sive equivalent of conservation technology. If in certain regions conditions allow for the
creation of large-scale hydro-pumped storage, then the costs of 100% decarbonization will
become cheaper. The use of a solar panel tracking system, with an equal area, can increase
the electricity generation of solar panels and increase the time for generating electricity.
Large-scale storage systems may require an increase in the extraction of rare metals with
a shortage of metal, for example, lithium. However, markets usually find solutions for
complex problems. A sodium-ion battery could be a cheaper solution that uses widely
available materials.

The modeling does not address the timing of hydrogen production, nor any potential
limitations in the hydrogen storage and transportation system. We assume that hydrogen
can be converted to other products such as ammonia, synthetic gases or fuels, and can be
stored for long time periods and transported long distances.

Other potential approaches to energy storage will grow with the electrification of
transport. Even with many existing grids in various countries, electric cars can send excess
power in their batteries back to the grid when not in use. Thus, electricity storage potential
will grow along with electrification and other technology innovations in this field.

3. Results

This analysis is organized into the following three sections. The first section introduces
the feasibility of the transition to a carbon-free future, including a set of alternatives. The
second section shows the geography of the future of the 100% decarbonization of the
Russian energy sector through renewable energy. The third section analyzes the transitional
dynamics to a new equilibrium based on a 100% decarbonized energy system.

3.1. Feasibility Analysis

Figure 1 shows the supply curve of solar and wind power compared to 10 times the
final energy consumption of all energy in Russia. It follows that the supply is sufficient
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to meet the demand with a significant availability factor (percentage of the time that it is
available to provide energy to the grid) and, consequently, at a low price. However, the
intermittency of solar and wind power, and the possible remoteness of sources from the
point of consumption, can significantly increase costs.

Solar Wind

60 ]
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Minimum availability factor
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0
0 1000 2000 3000 4000 0 250 500 750 1000
EJ
1-axis tracking —— no tracking —— Wind speed at a height of 150 m.
2-axis tracking —— Wind speed at a height of 100 m. Wind speed at a height of 50 m.

Figure 1. Supply curve of solar and wind electricity compared to 10 times Russia’s final energy
consumption (FEC).

This figure shows that wind or solar can produce enough electricity. Additionally, it is
clear that a solar tracking system is required for efficient PV, and that wind turbines need
to be higher than 50 m.

Figure 2a shows the detailed results of the feasibility analysis based on Table 1 and the
72 specific alternatives. Demand is in the left column and storage is the second column.
The third column shows the three solar tracking alternatives and wind turbine height is
shown in the second row. As the HIRES-RUS allows for trade and distribution within the
entire country, trade is allowed with full connectivity and nearly full connectivity but with
the exclusion of the hard-to-reach, very isolated regions of Siberia and the Far East.

Each rectangle is one alternative; the upper right triangle is the percent availability
factor for wind and the lower left triangle is the availability factor for solar. Height (meters)
only applies to wind. Tracking applies only to solar. Blank values (white) mean that the
use of solar is not cost efficient. This means that if wind is sufficiently productive, there is
no need for solar.

Solar without any tracking is very ineffective. However, there is no significant dif-
ference between 1- or 2-axis tracking. Thus, to keep costs lower, a 1-axis tracking system
would be more efficient. Similarly, wind turbines built only to 50 m would be relatively
ineffective; although, in most cases, 150 m turbines are better than 100 m turbines. In theory
all 72 alternatives are feasible; however, there are clearly 24 more realistic and desirable
alternatives. These alternatives are those with a wind turbine height of 100 m or 150 m and
storage requirements that are constrained to 14 TWh. This reduces the reliance on solar,
which in some cases is very inefficient (blank lower left part cells) and solar also requires
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significantly more land area. In Figure 2b, solar PV is more effective and no tracking solar
is the most efficient, a very different result from above.

Trade assumption: Trade with full conneclivity Without isolate region Trade assumption: Trade with full connectivity Without isolate region
Wind Wind
Demand Storage 150 100 50 150 100 50 Demand Storage 150 100 50 150 100 50
Solar Solar
X 45 4.4 45 4.4 . 2151 3.6 215 3.6
2-axis 2-axis
0.1 0.8 3.6 0.1 0.8 3.5 3.6 4.9 5) 3.6 49 5
. ) 4.6 4.6 46 4.7 i 2.7 3.7 27 3.7
No limit 1-axis No limit 1-axis
. 0.1 0.7 3.4 0.1 0.7 3.2 - 35 4.7 4.9 3.5 4.7 4.9
Electricity Electricity
5 6 5| 6.1 3.6 4.5 3.7 4.4
48 EJ No track 48 EJ No track
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Figure 2. (a) Feasibility analysis of the 72 possible alternatives based on the critical parameters.
(b) Feasibility analysis of the 72 possible alternatives based on the critical parameters based on the
low-cost scenario.

3.2. Geographic Distribution of Power Generation, Distribution System and Storage

Figure 3a shows the locations for the highest capacity for renewable energy power,
mainly in the southern regions of the country. It is important to note the very high potential
wind capacity in the northwestern regions, although clearly that region does not have a
significant capacity for solar. In Figure 3a,b, potential PV in terms of installed capacities per
total area of a region are shown. Technically, however, PV capacities in southern regions
could reach up to 80 MW per km? (with an average 40 MW per km? across the country [27].
Taking into account competition with other land uses, actual installed capacities are likely
to be much lower than the technical potential.

Therefore, Figure 3b, even with its lower solar PV costs, shows only wind is vi-
able in the far northwest of Russia. By relaxing constraints on more northern latitudes
(>60 degrees) for solar PV we can get even more PV production in more northern regions
than in the case depicted in Figure 3b. However, if we also relax the upper-bound con-
straint on PV density (no more than 1% of land in a region could be allocated to PV), solar
production will still gravitate to the southern regions. The cost per installed capacities in
the south is approximately twice as low than in the north [14].

Wind energy turns out to be more suitable for northern regions than PV. The transition
to alternative energy is expected to take approximately 30 years. The next 10 years is a
critical learning period and geographic-specific research into solar and wind production
in Russia is needed. If Russia is to significantly expand domestic power consumption,
diversifying the economy through the expansion of green energy intensive sectors, solar
energy could be a comparative advantage. New sectors with robotics, 3-D printing, additive
manufacturing, battery storage, web hosting centers, crypto-currencies, etc. are likely to be
above 60 degrees latitude since most of the population lives south of this latitude.
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If much or most of the excess power is converted to hydrogen, then wind energy in
the Russian north has a comparative advantage. This is an area with large land availability
and water, which is important for hydrogen production. Under the lower cost scenario, PV
is potentially more abundant across southern Russia and closer to population centers, but
still does not work in the far northern regions.
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Figure 3. Cont.



Energies 2022, 15, 683

11 of 27

I NS DN DN
0-0.01 0.01-0.1 0.1-1 1-25 255 5-10
(b)

Figure 3. (a) Average solar and wind capacity, MW per km?. (b) Average solar and wind capacity,
MW per km? under the low-cost scenario.

In any case, we ran sensitivity scenarios, all of which demonstrated the feasibility of
100% decarbonization of the Russian economy. An actual composition of energy mix and
profile of energy consumption will be revealed over time, based on learning feedback.

Figure 4a shows the general capacity for both storage and distribution capacity. Storage
is shown by the size of the black circles. Distribution capacity is illustrated by the color
of the lines and is far higher in the populous regions in the east of Russia. There is both
more alternative power generation and storage capacity in the most southwestern parts
of the country. The changes in the lower cost scenario are shown in Figure 4b but not
that dramatically.
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Figure 4. (a) System capacity for storage and distribution. (b) System capacity for storage and

distribution under the low-cost scenario.

3.3. Transitional Dynamics to a 100% Decarbonized Energy System

This section shows the results of the modeling in terms of electricity production and
consumption during the transition to a decarbonized system by 2050. The results shown
in following figures are based only on use of the 24 more realistic alternatives identified
in Section 3.1. The numbers and quantitative analyses are based on averaged values from
these 24 alternatives.

Figure 5a illustrates both the production and consumption of electricity in all nine RES
regions. It is shown on an average hourly basis. All electricity is produced from wind or
solar. Depending upon the region, wind or solar dominate production over the course of
24 h. However, wind, on average, is far more important. Electricity demand is shown in
the lower half of the figure for each region. The model distinguishes critical demand from
flexible demand. Additionally, in some regions, a lot of electricity demand can be used to
produce hydrogen. Storage plays varying roles in the different regions. In Figure 5b, solar
production plays a far bigger potential role.
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Figure 5. (a) Average hourly production and consumption of electricity in all 9 RES regions in 2050.
(b) Average hourly production and consumption of electricity in 8 of the RES regions in 2050 under
the low-cost scenario.

The next series of figures looks at various aspects of both production and consumption,
annualized investment costs, carbon emissions, and a period of phase-out of fossil fuels and
the potential for production of green hydrogen. Starting with Figure 6a,b, the long-term
development of wind and solar to electricity production can be seen. When costs are lower,
as shown in Figure 6b, solar is a much more important share of production than in Case
A, Mega Scenario A. Both figures also show that there can be significant use of wind and
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solar power to produce hydrogen for export, as energy exports are critical to the Russian
economy. However, the longer it takes to phase out fossil fuel exports could worsen the
economic problem. These are all potentially stranded assets and will not generate the same
revenue as some countries will not import these anymore in the future [28].

Wind to hydrogen exp.
Solar to hydrogen exp.
Wind

Solar

Coal

Gas

Oil

Hydro

Nuclear

2020 2030 2040 2050
year

Wind to hydrogen exp.
Solar to hydrogen exp.
Wind

Solar

Coal

Gas

Oil

Hydro

Nuclear

2020 2030 2040 2050
year

(b)

Figure 6. (a) Total electricity generation with separate generation for hydrogen export production.
(b) Total Electricity Generation with separate generation for hydrogen export production under the
low-cost scenario.

Figure 6a,b present significantly different profiles for the energy mix in 2050. Mega
Scenario A has a prevalence of wind energy that is coupled with a low technology learning
rate, and Mega Scenario B has a significant share of solar. The actual composition of the
energy mix will depend on the actual technology learning rates. The next decade may
provide more clarity and determine the future development of power production and
transmission systems.

The carbon emissions reduction profile is similar for both higher lower cost scenarios,
which is not surprising, as in either case the emissions are heading towards zero. The total
CO; emissions have decreased by half by 2035. As there is likely to be some residual fossil
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fuel use even by 2050, achieving net-zero emissions includes assumptions about the use of
some nature-based solutions such as carbon storage in forests.

However, the total primary energy supply is different (Figure 7a,b). There is a reason-
ably long phase-out period for fossil fuels, especially natural gas. This functions as a grace
period and could be used as adjustment time to reduce economic dependency on these
fuels and begin the development of hydrogen export markets and the reduction in the risk
of stranded assets. The phase out of fossil fuels increases in the early 2030s, giving time for
planning for it during the adoption of renewables, especially wind. However, in the lower
cost scenario (Figure 7b) solar plays a more important role.

Prolonged consumption of oil is driven by the transportation sector. Since trans-
portation is always a highly dispersed activity, it is often thought of as a difficult sector
to decarbonize. Additionally, it may take longer than some other sectors. However, the
adoption of electric cars and buses around the world is growing and by the 2040s in Russia
electricity and hydrogen will be becoming dominant.

Both solar and wind are scalable and, thus, the strategy of the expansion of power
production could be adjusted on the fly, depending on advances in wind and solar tech-
nologies, prices of raw materials and the actual cost of deployment and operation (for
example, cost of cleaning snow, etc.). Regardless of the actual cost improvements, our
analysis demonstrates the feasibility of a green transition in Russia. This transition appears
more expensive for Mega Scenario A and naturally more affordable for Scenario B (see
Figure 8a,b).
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Figure 7. (a) Total primary energy supply, excluding non-energy uses. Green hydrogen production
is negative because it leaves Russia as exports. (b) Total primary energy supply, excluding non-
energy uses. Green hydrogen production is negative because it leaves Russia as exports under the
low-cost scenario.

Figure 8a shows the annualized investment costs for renewable energy at interest rates
of 3, 5 and 10%. Investment costs are of course much lower at the lowest rates. However,
there is a shortage of capital in Russia due to political and investment risks. Golub et al. [15]
suggest that the risk-adjusted cost of capital in the Russian energy sector can in reality be
quite high. With greater certainty about climate policy, green investment could be attracted
for a lower interest rate on the international market, which could become an additional
driver of economic growth in Russia. However, as Figure 8b shows, lower overall costs
lead to much lower annualized investment costs.

In both cases, the cost of capital is driven by investment risks and is an important
determinant of the green transition cost. High investment risks are an important barrier for
modernization of the Russian economy and for the deployment of new technologies in the
energy sector [15].
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Figure 8. (a) Solar and wind annualized investment cost at 3 interest rates. (b) Solar and wind
annualized investment cost at 3 interest rates under the low-cost scenario.

4. Discussion

In this paper an analysis of the transformation of the Russian energy system proves
the feasibility of a complete decarbonization of the energy sector and diversification of
Russian exports away from fossil fuels and carbon intensive goods. We used one set of cost
estimates that were on the high side to avoid the possibility of solutions that were not in
fact feasible. One study in Canada [29] indicates that levelized costs of stand-alone solar
PV is in fact more expensive at higher latitudes. Lower estimates of costs in the second
scenario make the feasibility case even stronger [14].

The final composition of the energy mix in 2050 may include different proportions
of solar and wind energy as shown in Figure 9 below. The proportion of wind and PV
composition depends on actual learning rates and cost reductions of solar and wind energy.
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Competition among different land uses is also an important factor that could slow down
the deployment of alternative energy in regions with high demand for agricultural land and
forestry, high density of infrastructure, etc. A faster learning rate in solar results in more
PV in the energy mix. Moreover, final consumption is an important factor determining
the energy mix. First, the expansion of domestic power production to develop green
energy intensive sectors would shift the balance in favor of solar but significant growth in
hydrogen production for export would slightly shift the balance in favor of wind energy.

4.5
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Latitude Restrictions
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Figure 9. Potential energy mix in 2050.

Another important factor is the global demand for materials needed to produce solar
panels. According to [14] the maximum size of the global PV installed capacity in 2050 is
approximately 60 TW in their “fast growth” scenario globally. Then, Russia would account
for approximately 5% of this capacity. However, in the slow growth scenario (10 TW of PV
installed globally by 2050) Russia could account for almost 1/3 of PV capacity. Although
this seems a bit unrealistic it is still possible [14].

The actual ability of Russia to significantly expand solar energy production will
depend on the future development of the global market of solar panels. As for wind
energy, Russia is less constrained by the raw materials needed to expand the production of
wind turbines.

Nevertheless, consideration of both the higher and lower cost scenarios including
sensitivity runs, demonstrate the robust conclusion about the feasibility of a green transition
of Russian power generation. We also show the potential feasibility to substitute the export
of green energy-intensive products for the eventual loss of fossil fuel exports. The actual
profile of the energy mix and the cost of the transition depends upon the learning rate for
wind and solar technologies. Russia has vast potential for both technologies and should
decide on an expansion of one or the other using a recursive method benefiting from new
information and exploiting new opportunities. This analysis, therefore, does not provide a
final answer for how much wind and solar there will be in the 2050 energy mix. It also does
not provide a final answer about how the power surplus will be used, but it does explore
the “hydrogen solution”. The paper proves its feasibility but does not endorse it as the best
solution. There will be several options to transfer surplus power that produces even higher
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value added. Hydrogen is one of these products. Not all hydrogen should be exported, as
a large fraction could be used domestically in production processes discussed below at a
qualitative level. Quantitative analysis requires an additional expansion of the model and
linking it to a CGE which is beyond the scope of this paper.

This paper shows a potential “hydrogen solution” as a substitute for current re-
source rent revenues. Producing excess electricity in Russia creates an option to deploy
other and possibly more promising energy-intensive technologies particularly based on
the convergence of 3-D printing and additive manufacturing with robotics (https://www.
roboticsbusinessreview.com/wp-content/uploads/2019/04/RBR-AdditiveManufacturing-
RobotCreators-Final.pdf (accessed on 1 December 2021)) leading to a variety of competitive
goods on the global market across their range of uses.

Thus, for the modeling, hydrogen functions as a place holder for a more profound
deep transformation of the Russian economy in the context of the global transformation of
energy systems and global markets. Hydrogen and related products may be demonstrated
to be a feasible alternative to fossil fuel exports. Further analysis is needed to evaluate its
international cost-competitiveness or find even better alternatives for the transformation
of green energy into low carbon energy intensive products that Russia could offer on the
global market. These all reinforce Russia’s need to further explore opportunities for a
technologically advanced country with excessive power production.

The parameters used in this study, electricity demand, wind turbine height, solar panel
tracking, degree of energy storage and electricity trade across the nine regions of the study
created 72 separate alternatives for an energy system of 2050. We identified 24 of these as
being more realistic and potentially targeted. All of these were based upon constrained
energy storage at 14 TWh. The other important parameters were a wind turbine height
of 100 m or higher and at least single-axis tracking for solar photovoltaics. Solar without
any tracking was a lot less effective and, in a few cases, very inefficient. However, the
difference between 1- and 2-axis tracking was minimal, so if the cost difference is high, the
1-axis tracker might be preferable on average. This is consistent with observations in the
literature that single-axis tracking PV is becoming increasingly more common in utility
scale systems and market prices of PV modules have decreased by approximately 90% and
system prices by close to 80% during a decade [14]. These trends are expected to continue.

Wind turbine effectiveness was progressively better with the increase in height from
50 to 100 to 150 m. If cost constraints are not significant then the higher turbines are likely
preferable. An additional advantage of wind is that it uses much less land area than solar
PV requires. Another important result for keeping overall costs down is that the two
isolated regions do not need to be included for a 100% renewable system. That territory is
so large that this does reduce costs significantly. Overall, the power generation cost will be
most of the total investment costs when compared with distribution and storage costs.

These technological innovations have made alternative (non-fossil fuel-based) tech-
nologies more affordable and nearly competitive even without mandatory climate policy.
The cost estimates used in this analysis, in addition to being high, also do not account for
likely decreasing costs as the alternative energy industry continues to grow.

These technological shocks will reduce demand for fossil fuels. For example, the in-
creasing penetration of electric cars jeopardizes oil producers’ and exporters’ revenues and
further accelerates the development of alternative energy. Shifts in consumers’ preferences
reinforce the decarbonization of consumption. Final consumers care about both direct
emissions and all emissions that occur along the supply and production chain, e.g., Scope
One and Scope Two emissions, as defined by the Carbon Disclosure Project [30].

Corporations and capital markets are also going through a fundamental transition.
According to the IEA [31], global investment needs into the net-zero economy ramps up
from recent levels of approximately USD 2.3 trillion globally to USD 5 trillion by 2030. In
the IEA net-zero scenarios the global GDP increases approximately two times during the
period between 2020 and 2050 but energy supply stays slightly below the current level.
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Far higher estimates of investment needs have been made [32,33]. This is approxi-
mately one-quarter to one-third of the global investment pool. It suggests fundamental
changes in the global capital allocation aiming for the divestment of carbon-intensive
capital and financing capital investment with a low- and zero-carbon footprint. Russia is
already challenged by excessively high investment risks, as the risk-adjusted cost of capital
in the energy sector may be up to 45% [15].

Uses of Hydrogen and Excess Electricity

Hydrogen, as proposed in this analysis, is used as a known fuel and a known technol-
ogy. It is not the only approach to building an alternative energy economy but it is a known
path with an already expanding market. Supplying hydrogen to industrial users is now a
major business [34]. Demand for hydrogen in its pure form is approximately 70 million
tonnes per year (MtH;/yr). This hydrogen is almost entirely supplied from fossil fuels
with 6% of global natural gas and 2% of global coal going to hydrogen production. This
production of hydrogen is responsible for carbon dioxide (CO,) emissions of approximately
830 million tonnes of carbon dioxide per year (MtCO, /yr) [35].

Using green hydrogen is a potential solution to these emissions and would be pro-
duced using the excess renewable energy shown in the various feasible alternatives. It
is one solution for hard-to-abate sectors such as industry and heavy transport and for
decarbonizing applications without access to electricity grids. Unlike many countries,
Russia has an abundance of land, especially for wind stations and abundance of water
that could then be converted into green hydrogen. Green hydrogen can also provide grid
balancing services in systems built on very high shares of renewable energy [36]. Currently,
green hydrogen makes up less than 1% of global hydrogen produced [37], but production
costs of green hydrogen are falling rapidly due to decreasing technology costs and the
availability of cheaper renewable power. As a result, countries are increasingly seeing green
hydrogen as a smart long-term investment. According to IRENA [38], green hydrogen can
contribute to significant CO, emissions abatement as part of a 1.5 °C pathway, particularly
in the industrial sector as well as long-haul transport, shipping and aviation. In the short
to medium term, green hydrogen is expected to make its most substantial impact in the
industrial sector. Approximately 85% of green hydrogen production costs can be reduced
in the long term by a combination of cheaper electricity and electrolyser investment and
optimization [35]. Derivative products such as solar ammonia as a shipping fuel are also
becoming much cheaper [39].

In several of the EU’s hydrogen scenarios [40] there are several very important uses of
green hydrogen. This includes transportation using both fuel cell vehicles and synfuels
for aviation and maritime transport. Other uses potentially include heat production for
industry and the replacement for natural gas for heating of buildings, this might include
injection into existing gas networks. Another potentially important use will be for long-
term energy storage, production of hydrogen that can later be converted back to electric
power when needed. There are quite a number of potential uses of hydrogen, and Europe
is a potentially significant market for hydrogen.

The excess electricity production proposed in this analysis can also be used without
the use of hydrogen. Electric vehicles can serve as massive energy storage, with the
overproduction of electricity charging vehicle batteries, which can then be returned to the
grid when overall demand is high. As a country with vast hydropower resources, excess
electricity can be used to pump water back upstream to be used to make electricity during
lower flow time periods.

The hydrogen production proposed in this analysis is simply a potential first step in
the diversification of the Russian economy that would no longer be fossil-fuel based. At
first, we propose that hydrogen could be a substitution for fossil fuel exports. Markets
for green hydrogen are likely to be strong as all advanced economies are attempting to
decarbonize all aspects of their economies and not just the energy sector. Currently, Russia
is not heavily involved in developing hydrogen technologies, as the international climate
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agenda and decarbonization are not yet a significant part of Russia’s energy strategy.
Russia does not yet play a significant role in the development of low-carbon technologies
in general [41]. Nonetheless, Europe can be an important market as they would substitute
Russian hydrogen for natural gas imports. Europe’s utility Enel is looking to develop a
green hydrogen project in Russia to expand its renewable energy business in the country
and is looking into hydrogen production in connection with a wind plant in the Murmansk
region [42]. The climate crisis is further increasing interest in Europe to import green
hydrogen and may well be a basis for cooperation with Europe by substituting hydrogen
for fossil fuel exports, potentially through existing pipelines [43]. The Russian Government
is planning on the northwest of the country to become a key area for hydrogen production,
particularly for export to Europe (accessed on 10 December 2021)). Germany’s June 2020
National Hydrogen Strategy clearly states the need for hydrogen imports and emphasizes
the importance of international partnerships, which is contributing to Russia’s interests in
becoming a major exporter according to the German Institute for International and Security
Affairs (https:/ /www.swp-berlin.org/en/publication/russia-in-the-global-hydrogen-race
(accessed on 7 December 2021)). For Germany, benefits of cooperation include not only
potential access to low-carbon hydrogen but also the opening of a market for German
hydrogen technologies and, more strategically, a special role in accompanying Russia’s
adaptation to a decarbonizing Europe.

Depending on the quantities, hydrogen can be transported through hydrogen pipelines,
not just by tankers. The long experience in the gas sector can be directly used to create hy-
drogen distribution networks, which are similar to existing natural gas networks. Although
it has a lower energy density than natural gas, hydrogen is less viscous than natural gas.
As a consequence, the energy needed for its pumping is similar to the energy required for
the same quantity of natural gas. Large hydrogen pipelines are present in several countries.
In Northern France there is a network of approximately 170 km, while in Europe the total
length amounts to more than 1500 km. North America has more than 700 km of pipes for
the transport of hydrogen. The distribution networks for liquid hydrogen are particularly
expensive (http:/ /www.eniscuola.net/en/argomento/hydrogen/storage-and-transport/
how-its-transported/ (accessed on 10 December 2021)).

Successful global climate policy depends on the coordinated actions of all countries.
The continuation of unilateral climate policies by carbon-dependent countries is not an
option for the global community. As shown in [28], leaders of global climate policies have
several tools to create incentives for carbon-dependent countries to join coordinated actions
to combat climate change. Carbon-dependent countries may be subjected to a border
adjustment tax [6] that reduces its competitiveness on global and regional markets. As
a result, carbon-dependent countries will be forced to participate in coordinated global
climate policy and introduce domestic carbon regulation.

Climate policies of an increasing number of countries are leading to major investments
into innovative electrification and smart technologies and very significant shifts in con-
sumers preferences. These trends mean the era of fossil fuel-based economies and energy
systems are coming to an end. As the World Bank [28,44] noted in several recent studies, at-
tempts to prolong the life of a fossil fuel-based economy may alleviate some pressure in the
short term but exacerbates the economic shocks in the mid- and long term. The same study
also provides some quantitative analysis of potential losses in GDP, final consumption,
resource rent, and value-added in carbon-dependent sectors, etc. Potential losses of GDP
and final consumption could be up to 5% of GDP and the resource rent loss reaches double
digit numbers. The rapidly changing profile of the global economy constitutes a series
of challenges for Russia and other carbon-dependent countries. These include massive
technological innovations that fundamentally change the profile of energy production
and consumption along with changes in consumer preferences driven by environmental
considerations. Other challenges include existing voluntary carbon markets (The Gold
Standard (https://www.goldstandard.org/impact-quantification/environmental-markets
(accessed on 20 July 2021))) with verifiable carbon credits and Socially Responsible In-
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vestment [45] and emerging global and regional climate policies with the potential of
cross-border enforcement [46,47].

Diversification of the Russian economy coupled with clean energy transformation is
the only way to adjust to emerging global climate policy, as it is a major net exporter of
energy and a major emitter of greenhouse gases. Significant shares of its emissions are
associated with fuel combustion in the domestic energy sector, and indirectly through its
large oil and gas energy exports. The World Bank study [28] argues that carbon-dependent
countries should in the long run move away from the business-as-usual scenario and
begin a proactive diversification strategy and participate in global cooperation on the
decarbonization of the global economy.

Currently, in Russia the main competing energy supply technology to wind and solar
power is natural gas, and gas exports are a very important source of revenue. Natural gas
can still be very cheap and outcompete wind and especially solar. However, as the price of
solar and wind continue to decline, gas will be less and less profitable. With any carbon
border adjustment mechanism, it will become very expensive, which means in the long
run, global climate policy will change the economics of natural gas.

Natural gas infrastructure is a huge sunk cost in Russia, although it is still very
profitable. It is far preferable for Russia to use gas in its energy mix if it replaces coal. This
is true not only for greenhouse gas emissions but extremely important to reduce particulate
air pollution and its heavy burden of mortality in Russia [48]. High costs of capital are a
barrier to investment in renewables.

5. Conclusions

Fossil fuel use globally is already declining due to high levels of technological innova-
tion, rapidly declining costs of renewable energy production and increasingly stringent
global climate policy. This paper describes a feasible strategy for Russia to respond to
twin decarbonization challenges. Our modeling shows that complete decarbonization of
the Russian economy is technically feasible. The study demonstrates that Russia has vast
potential for wind and solar production. In Russia’s Northwest, there is significant potential
for wind power, in a geographic region with few people and the water resources needed
for hydrogen production. The study proves the feasibility of a complete transition to wind
and solar. With continuous improvements of both technologies, solar and wind could be
roughly equal in the energy mix. The learning rate for both technologies determine their
proportion in the energy mix. Even in the worst-case scenario (slow improvements and
slow cost reduction) 100% decarbonization is still feasible.

The proposed approach, with excess production of electricity, has the potential to
jumpstart a more diversified and innovative economy in Russia. This is an opportunity
to create longer term wealth that relies on innovative technology and highly developed
human capital. The study suggests that this process should be thought of as an opportunity
to build a new and a potentially bigger economy through technology change. Since Russia
is a technologically advanced country, it is capable of such a change.

The primary and most important conclusion of this analysis is the demonstration
of the feasibility of the transition to 100% renewable energy for the decarbonization of
the energy sector. We proved the feasibility of an accelerated convergence to alternative
energy primarily based on wind and solar, which would lead to the creation of a completely
different profile of the entire Russian economy. This transition strategy enables a radical
diversification of the Russian economy based on the extensive deployment of green energy
and transition to green energy-intensive technologies. We conclude that Russia can likely
become a significant exporter of green energy-intensive goods. In this paper, we examined
one of the possible alternatives: how to use an over-supply of electricity to produce
green hydrogen. This supply of hydrogen could be the substitute for Russia’s export of
conventional fossil fuels. Although we did not attempt to identify a targeted scenario, there
are a number of realistic combinations of wind and solar energy to achieve decarbonization
based on mostly the two energy sources. Plus, we show that for an annualized investment
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into green hydrogen production of USD 150 billion, Russia could export approximately 100
Mt of hydrogen (and related products in hydrogen equivalent). At a reasonable, and not
overly optimistic average price of $3/kg hydrogen, then the export of green hydrogen will
provide more revenue than fossil fuel exports in 2019. This could be a new comparative
advantage in the global energy market for the Russian economy, although there is a potential
risk of international competitiveness and the development in global demand. However,
the approach laid out in this paper indicates that Russia could be on the inside of global
climate policy making.

The transformation of excess power into hydrogen is one of the options for Russia
to solve the twin challenges of decarbonization. Indeed, Russia can potentially transfer
green energy to other energy-intensive goods to be traded on the global market substituting
losses from resource rent revenues. This diversification strategy may be more profitable and
easier to implement (taking into account the difficulties of handling hydrogen). However,
a detailed analysis of the green hydrogen sector is beyond the scope of this paper. Our
goal was simply to show one possible strategy to address the twin challenge of global
decarbonization. Green hydrogen is a very flexible approach that can function as energy
storage, fuel for electricity production or transport or as an income producing export to
replace fossil fuel exports. Therefore, hydrogen is in a sense a “place holder” and a first
step in the path towards more efficient and more attractive technology solutions.

The optimal transition to a carbon-free energy sector in Russia has yet to be researched.
The analysis did show the feasibility of this transition, using high-cost estimates, and
in a country with an always challenging set of physical conditions. The exploration of
export diversification approaches presented in this paper analysis creates a foundation
for future studies. Additionally, further research should consider investment risks and
institutional barriers for innovations and the diversification of the Russian economy and
Russian exports.
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Appendix A

All equations are published in the packages of energyRt. Basic model descriptions
are in the paper and in the references. Historical data about living space, populations and
existing stocks are estimated based on the official Rosstat reports. The most important data
about new technologies are in the references.

The model generator energyRt consists of more than 90 equations, with detail not
suitable for paper format. For an explanation of the main idea of the model we provide a
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short, simplified version below. The full set of equations is available on the package website
https:/ /energyrt.org/articles/model.html (accessed on 15 December 2021).

min Objective =} W
y

" Costtech 4 Costsupply 4 Costtmde & Coststorage (Al)
+Costimport _ Costexport)

subject to
market clearance condition:

) f . ;
r,cy,s: > Outzzzi}"y’s + ; Outs orage + ;Outt“h + Outlc’?;,py%
sup stg

stg,c,r,y,5 t,ery,s
import
> ; I npfff/’;/yrs + Demand,y,s + In pc,r,py,s (A2)
storage
+ s%g Inpstg,c,r,y,s
Technology efficiency:
. tech _ tech
ter, y,s: Z Mtery,s * I nptfcc,r,y,s - Outt,ecc,r,y,s (A3)
cetechnology input
Load constraint:
t : Outt! s« SliceSh < Capacity!®" « Cap2act (A4)
¢ y,8: Outicy, o+ SliceSharres < Capacityyy, , + Cap2ac

where Objective—objective functions, Cost*—total corresponding costs, including
equivalent annual costs, operational and maintenance costs, Out*—output, Inp*—
input, Demand, , s—demand?, where * is tech—technology, sup—suppliers, import—
import from rest of the world and other regions, export—export from rest of the world
and other regions, trade—interregional trades, sup—supply, storage—storage technology?
Cap2act—convert coefficients from capacity to activity (e.g.,, GW to TWh), 1; ¢, s—commodity
efficiency, SliceSharres—share of slice in years (e.g., for day is equal 1/365).
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