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Abstract: We examine a different approach to complete decarbonization of the Russian economy, in a world where climate policy is 

increasingly requiring radical reduction of emissions wherever possible. We propose an energy system that can supply solar, and wind 

generated electricity to fulfill all demand and which accounts for intermittency problems.  This is instead of a more usual 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 Gross Domestic Product (GDP).  Coupled with this massive increase in alternative energy, we also propose using excess 
electricity to generate green hydrogen.  Hydrogen is a known technology that can function as storage for future electricity needs or for 

potential fuel use.  Importantly, green hydrogen can be used as a re-placement export for Russia’s current fossil fuel exports and will likely 

provide higher revenues.  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. 
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1. Introduction

Global climate policy is aimed at reducing GHG, which 
requires radical reduction of emissions wherever possible. The 

replacement of primary energy sources with solar and wind, 
followed by hydrogen generation, is one of the possible options. 

This paper analyzes this possibility on the example of Russia. A 

highly detailed model of a representative energy system was used in 
the work (365day*24*hour*500 region of generations) based on 

real weather data. The energy system should meet twice the final 
demand, with constant energy exports, but with the replacement of 

hydrocarbons with hydrogen. A sensitivity analysis was conducted 
to assess the feasibility and cost of implementing such a scenario. 

2. Methods

 We carry out a numerical experiment that constructs a carbon-
free energy system scenario.  We assume that solar and wind power 

will provide all the primary energy consumption, some of which 
will be converted into hydrogen by electrolysis. Figure 1 shows the 

supply curve of solar and wind power versus 10 times the final 
energy consumption of all energy in Russia. It follows that the 

supply is sufficient to meet the demand with a significant 
availability factor, 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. 

Fig. 1 Supply curve of solar and wind electricity versus 10 times Russia's 

finaly energy consumption (FEC) (no more than 250 EJ) 

Russia is divided into 7 regions of a unified energy system: 

Center, North-West, South, Volga region, Ural, Siberia, Far East. 

Regions that have hard-to-reach areas (Siberia, Far East) are divided 
into two regions: the main one and the hard-to-reach one. In total, 

the RES (Representative Energy System) of Russia includes 9 
regions. The model simulates one year with 365x24 time steps - into 

days and hours, for a total of 8,760.  

To simulate intermittent energy sources, detailed weather data 
from NASA, the MERRA 2  project, with an hourly data and with a 

spatial resolution of 0.625° х 0.5°, were used. The database for 

Russia contains about 10,580 observations, which is beyond the 
numerical capabilities of modeling. For this reason, the weather 

data were clustered method based on data on the coordinates and 
hourly average profiles of generation, and average month 

generation. All locations for generating electricity are divided into 
250 possible clusters for each type of solar and wind generation 

depend on its characteristics. Places where the average annual 
availability factors is less than 10% for solar and 15% wind were 

not taken into account when clustering the corresponding zones and 

in subsequent calculations. We also exclude location higher than 
1000 m above sea level, far east places, islands and water locations. 

Example the clustering of data for PV with tracking systems (figure 
2). 

Fig. 2 Clustering of data for PV with tracking systems 

Meteorological calibrations were from detailed data in hourly 

increments1 (also see [1]). Parameters of the power generation 

1 MERRA-2 collections tavg1_2d_flx_Nx (Surface Flux Diagnostics), 

tavg1_2d_rad_Nx (Radiation Diagnostics), and tavg1_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) using 

GNU Wget network utility (https://disc.gsfc.nasa.gov/data-access 
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technologies were calibrated using Lazard’s Levelized Cost of 
Energy Analysis (Lazard), and Storage technology2. Key 

technology assumptions in the model are shown in Table 1.  

Table 1. Parameters for feasibility analysis and assumptions to achieve 

minimum costs, leading to 72 alternatives. 
Technology Cost Technical Parameter 

Solar PV Investment cost 
- $825/kW, 

Fixed  Operating 
and Maintenance 

(O&M) - 9.5 
$/kW/year 

Solar availability factor varies 
between 9-28% depending on 

location, and is estimated using 
Sandia’s plane-of-array model and 
algorithms for solar-array trackers 
[2] for fixed tilted, 1-axis tracking 

system and 2-axis tracking system, 
with an operational life of 20 years, 

and is shown in the merra2ools 

package3 

Wind Only Investment cost 
$1,050/kW, 

Fixed O&M - 
$27/kW/year 

Wind availability factor can vary 
between 13-57% depending on 

station location, with precision data 
calculated using the merra2ools 

package, with an operational life of 
30 years. Wind speeds for 100m and 

150m were approximated from 
values at 10m and 50m. 

Storage $250/MWh 
investment cost 

10% loss during charging, 
operational life of 15 years 

500‐kV 

HVDC bi-
pole 

transmission 
line 

$367M per 
HVDC converter 

station in one 
direction, 

$0.87M per 1 
km, for 2.4 GW 

Losses vary between 2.5% to 7.2% 
depending upon distance between 

regions (Losses = 0.6% + 2.9% for 
every 1000 km). 

Hydrogen 
electrolysis 

Fixed O&M, 
$18/kW/year, 

Investment cost 
of $900/kW/year 

Efficiency of 51 kWh/kgH2, 
availability factor greater than 15%, 

with an operational life of 20 years 

Hydrogen 
Electricity 

Station 

Fixed O&M, 
$44/kW/year, 

with an 

investment cost 
of $700/kW 

Efficiency of 65% 

3. Scenario 

To analyze the feasibility of 100% decarbonization of the 

Russian energy sector, 72 scenarios were built to assess the 

feasibility of the scenario to critical prerequisites. Table 2 shows the 
basic prerequisites for scenarios and their designation. Specific 

scenarios and their designations are obtained as a Cartesian 
multiplication of options / values. The scenarios consider three 

options for demand for electricity and hydrogen. In the scenario 
option E36, the demand for electricity is 1.5 FEC, and the demand 

for hydrogen is the volume of hydrocarbon exports in energy 

equivalent. Thus, the scenario can be interpreted as the fact that all 
domestic consumption goes to electricity, and hydrocarbon rent will 

be replaced by hydrogen. In the E12 scenario, only a third of 
domestic consumption goes to electricity and the rest to hydrogen. 

These extreme demand options show that 100% decarbonization is 
feasible, depending on which end-demand technologies are used. 

For example, will electric cars become more widespread, including 
in cold climates, or will hydrogen-fueled cars become more 

widespread. In all cases, it is assumed that for 20% of the demand 

for electricity, it does not matter when exactly it was produced, and 
consumption occurs when there is an excess of electricity, and the 

rest of the demand must be strictly satisfied at the time of 
occurrence (hereinafter hard demand). 

The work does not consider the time of hydrogen electrolysis, 

and the hydrogen transportation system, since it can be stored for a 
long time and can travel long distances. Thus, replacing the demand 

                                                             
2 EA-ETSAP and IRENA© Technology Policy Brief E18 – April 2012 
3 https://github.com/energyRt/merra2ools, 

https://datadryad.org/stash/dataset/doi:10.5061/dryad.v41ns1rtt 

 

for electricity with hydrogen is like reducing the hard part of the 
demand for electricity with a simultaneous increase in total demand 

(due to losses during the conversion of electricity to hydrogen).  

Table 2. Parameters for 2050 feasibility analysis and assumptions to achieve 

minimum costs, leading to 72 alternatives. 
Parameter Alternatives Description 

Demand 1 Total electricity demand is 48 EJ, 70% is 
critical demand, flexible portion is 30%. 

Hydrogen demand is 12 EJ 

2 Total electricity demand is 24 EJ, 70% is 
critical demand, flexible 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 

 

The intermittency of energy sources may be one of the main 

fears of large-scale deployment of solar and wind energy. The 
solution to the problem of intermittency is possible with the help of 

a developed electricity transmission network and the use of energy 
conservation technologies. There are several types of energy 

conservation, each with its own advantages and disadvantages. The 
use of Li-ion batteries and accumulators is the most promising for 

large-scale networks, which can solve the problem of insufficient 

energy supply during the day. Despite the fundamental differences 
between these technologies, including the requirements for water 

supply, from the point of view of modeling, they are quite close. 
The work used Li-Ion more as the more expensive equivalent of 

conservation technology. If in a certain region conditions allow 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 

generation of solar panels and increase the time for generating 

electricity. 

Figure 3 shows a comparison of capacity across the scenarios. 
All of these 72 scenarios are feasible and request reasonable amount 

of square. 

 
Fig. 3 Solar and wind capacity for succeed final demands. 
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Figure 4 shows the places with the highest capacity of 
renewable energy sources, mainly in the southern regions of the 

country. It is important to note the very potential high wind power 
in the northwest regions, although it is obvious that this region does 

not have significant capacity for solar energy. 

 

Fig. 4.  Solar and wind capacity for succeed final demands, MW per km2. 
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