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ABSTRACT

The study is focused on the comparison of how costly different decarbonization options in Russia are, in terms of their total expenses per a unit of CO,
avoided. We have constructed two marginal abatement cost curves reflecting different decarbonization policies in the Russian energy sector — basic
and intensive scenarios. Doing that, we tried to adequately represent economic, regulation and climatic features of Russia (for instance, relatively
low capital cost for most of the technologies, typical wind and solar conditions, regulation policy on natural gas cost, etc.). We found that non-carbon
transport and energy savings in the demand side seem to be the most affordable decarbonization options in our country while solar heat, nuclear

cogeneration and hydrogen as a carrier are uncompetitive in both scenarios observed.
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1. INTRODUCTION

The global climate agenda has already led to a radical shift in
the energy sector strategic planning all over the world. Just
15-20 years ago, the economic efficiency of the investments was
the main criterion for policymakers; but nowadays the leading role
in the strategic planning process is being played by environmental
concerns of which decarbonization issues are generally assumed
as most crucial. The need to reduce greenhouse gases (GHG)
emission (especially CO, as the most prominent of them) in
both the energy sector and the demand side (transport, energy-
intensive manufacturing, residential sector) is broadly accepted
now. To date, 48 countries that collectively account for 46% of
global GHG emissions have proclaimed achieving the “carbon
neutrality” of their economies by 2050-2060 (Climate Watch
Net-Zero Tracker, 2020). Russia as a participant of the Paris
Climate Agreement is also making some efforts toward this goal.

This study is aimed at the comparison of different decarbonization
options in the Russian energy sector by their specific cost per a

CO, unit avoided. We have calculated these costs with explicit
consideration of national-specific conditions of Russia — both
economic and climatic. Therefore, it should be noticed that the
results of our study cannot be directly applied to any other country
without taking into account its own national-specific features.

2. BACKGROUND

The majority of cost comparison studies on decarbonization
technologies is conducted via so-called marginal abatement cost
curves (MACC). MACC is a two-axis graph where the horizontal
axis represents potential GHG emission reduction achievable via
each decarbonization option while the vertical axis represents the
specific cost incurred with this reduction.

According to our literature review, there are two principally
different approaches to MACC formation — expert-based and
model-based. In the first one, the costs are estimated individually
for each of the analyzed technologies given the authors’
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assumptions about their technical and economic characteristics
and for what extent they substitute the existing energy mix. It
results in a “stepwise” MACC in which each “cost — emission”
step corresponds with a certain technology. All the technologies
are sorted by their specific cost per a unit of emission avoided.
Some of them may even have negative cost if the energy savings
overweight the overall cost associated with the deployment of a
technology.

There are a lot of examples of the expert-based MACCs with the
first of them taken place back in the early 1990s. Jackson (1991)
presented the CO, abatement cost curve for the United Kingdom
in 2005 which included 17 low-carbon technologies both in supply
and in demand side. Mills et al. (1991) constructed MACC for
20 decarbonization technologies in Sweden. Blok et al. (1993)
built a very detailed CO, abatement curve for the Netherlands
with consideration of the payout time of mitigation measures.
However, the early MACC studies were concentrated mostly
on the power and heat supply and residential sector but did not
include decarbonization options in the industry or transport.
Also, the technological representation was limited from today’s
standpoint. For instances, renewable generation was usually
treated as a “uniform” technology, without dividing it into wind,
solar, biomass and other categories. In (Mills et al., 1991), only
wind generation cost was calculated explicitly.

The first global MACC was developed by (McKinsey & Co,
2006) and represented the global CO, abatement cost curve
engaging more than 40 decarbonization technologies across
different sectors (energy sector, manufacturing, agriculture,
transport, residential sector, etc.). The authors built the cost curve
based on their own assumptions about technical, economic and
environmental features of the technologies. They conducted the
study “from a societal perspective” (McKinsey & Co, 2006, p. 9)
and thus used a social discount rate, assumed full lifetime for
capital-intensive technologies and excluded all taxes and subsidies
from account. According to McKinsey’s findings, roughly 1/3 of
decarbonization options have negative values of CO, abatement
cost which means they can pay their cost back themselves, without
strong government support. The report found that transportation
and housing services (water heating, air conditioning, lighting)
are the most affordable decarbonization options. Later, the
McKinsey’s global MACC was updated in (Nauclér and Enkvist,
2009). Besides, some national-oriented MACCs were built on this
methodological basis, each of them covers wide set of possible
decarbonization options for the UK (HM Government, 2009),
Ireland Republic (Kennedy, 2010), Mexico (Johnson et al., 2009),
China (Du et al., 2015).

Moreover, there are numerous expert-based MACCs aimed at a
specific sector of decarbonization policy. For instance, Thunder
Said Energy Ltd, a consulting firm, UK, has built MACCs for
carbon capture-and-storage technologies in different businesses
(Thunder Said Energy Ltd, 2020). Similar curves but related to the
energy saving options were built in (Jakob, 2006) for residential
sector in Switzerland and in (Fleiter et al., 2009) for European
manufacturing. Timilsina et al. (2017) evaluated carbon abatement
cost for the building sector in Georgia and Armenia. Sotiriou et al.

(2019) presented the cost curve for the activities that are not subject
to European emission trading system.

The other way of MACC construction is the model-based approach.
It utilizes a system-wide optimization model which simulates the
outputs of different decarbonization policies. The most common
method is to simulate different carbon payment rates (rarely
— the impact of direct restrictions on several carbon-intensive
technologies). In this case, MACC reflects the scenario-based
cost of emission avoided rather than technology-based one (i.e.,
each “cost—emission” point on the graph corresponds to a certain
decarbonization scenario). Consequently, MACC constructed via
model-based approach is “smooth,” not “stepwise,” while there are
some works aimed at transforming “smooth” model-based MACC
into “stepwise” form using some assumptions (Kesicki, 2013).

There are two types of models that can be used for MACC
construction. Energy system models (MARKAL, TIMES,
0SeMOSYS, etc.) are aimed at proper simulation of the energy
sector development with limited detalization of the other sectors of
the economy (van Vuuren et al., 2004; Chen, 2005; Yu et al., 2020;
Prinaetal., 2021). In turn, general-equilibrium models (GEMs) are
focused on the macroeconomic relations; they are quite helpful in
measuring the outcomes of decarbonization policy on the economy-
wide level (though highly aggregated), but their forecasting power
is rather limited when investigating the outcomes for any individual
industry. One of the first MACCs based on GEM were presented
in several studies of MIT (Ellerman and Decaux, 1998; Paltsev
et al., 2005). The authors used their original EPPA model under
different constraints on carbon emissions, such as 10%, 20%, or
30% below reference emissions. For each set of constraints, the
corresponding shadow prices of carbon are an output of the model.
Other prominent works using computable general equilibrium
framework were published later (Klepper and Peterson, 2006;
Morris et al., 2012; Landis and Rausch, 2017).

Both expert-based and model-based approaches have their
own pros and contras. Expert-based MACCs are more explicit,
convenient for understanding, but they are unable to capture
interrelations between different decarbonization options which
can cause some positive or negative synergetic effect. Besides,
expert-based MACCs are generally built as static (for present or
certain forecast year) and therefore are limited in tracking how
the investment decisions would really impact the energy mix in
dynamics.

However, expert-based MACCs are helpful in screening out some
options that are clearly uncompetitive under most of the scenarios
overseen (these options are positioned close to the right edge of
the MACC). Thus, stepwise MACC helps to establish the set of
reasonable limitations and assumptions for each of decarbonization
scenarios. These scenario assumptions would be subsequently
included into the energy system models used as an analytical tool
for the national energy policy development (EIA, 2014; PRIMES,
2017; ERIRAS, 2011). As a result, we have conducted our present
study on an expert basis, while in our following studies we are
going to implement an explicit system-wide modeling of the
energy sector's decarbonization scenarios.
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The novelty of our study is the construction of the national-
specific MACCs reflecting the economic, regulation and climatic
conditions of Russia (we have not found any relevant works
on MACCs for Russia or former USSR area). In particular, we
considered relatively low-cost deployment of nuclear power
plants which is specific for Russia due to almost 100% domestic
production of technological equipment and low installation cost.
We also evaluated the actual capacity factors for wind and solar
generation, which correspond with the weather and climatic
conditions of our country. For each conventional technology
being replaced, the relevant mix of carbon-intensive fuels was
estimated based on the actual national statistics. Finally, we also
considered the current regulatory practice of limiting the natural
gas prices which has a strong impact on the competition between
energy carriers in the Russian energy market.

3. METHODOLOGICAL FRAMEWORK

The article observes a broad range of non-carbon technologies

both in supply and demand side of the energy sector:

1. Energy-saving technologies in the demand side

2. Non-carbon electricity and heat generation technologies
(nuclear, hydro and renewable power plants, carbon capture,
utilization and storage (CCUS) on thermal plants, heat pumps,
solar thermal plants, nuclear and biomass cogeneration)

3. hydrogen technologies for power sector (fuel cells and
combined cycle gas turbines (CCGT) on hydrogen);

4. Non-carbon transport technologies (electric, biodiesel and
fuel cell vehicles)

5. Electrification in the industry and residential sector (assuming
that “green” electricity would substitute carbon-intensive
processes, incl. process heat and steam generation in industry
and residential heating).

In this paper, we present the MACC constructed from “social”
rather than commercial standpoint. It means that we consider
the full stuff of cost related to the technology integration (both
capital and operational ones) excluding taxes and fees (being so-
called transfer payments), but including all the cost related with
the infrastructure necessary for decarbonization technologies
considered (e.g., charging stations for electric cars and hydrogen
refueling stations for fuel cell vehicles). Also, we consider the
energy saving cost associated with the displaced fossil fuels.

MACC indicates specific cost associated with each 1 t of CO,
avoided (emission avoided cost, EAC) which is calculated for
each non-carbon technology as follows:

ADC, - ES,
CE

i

EAC, = (1),
where i — index of the technology (nuclear plant, heat pump,
electric vehicle and so on);

ADC — annualized discounted cost associated with deployment
and operation of each technology from the list; ADC comprises
three main parts — capital cost, fixed and variable operational cost
(Equations 2-4);

ES — cash-denominated energy savings (annual avoided
consumption of the carbon-intensive fuels that are assumed to be
substituted by non-carbon energy) — see Equation 9;

CE — annual physical amount of the carbon emissions saved due
to technology i deployment (see Equation 10).

In our study, the ADC is calculated as follows:

1. For the technologies producing electricity or heat:
capex; - A+opex _ f;

ADC; =
' CF, -8760

+ER1--E-]W,- @)

where capex; — capital expenses per a unit of the installed power/

heat capacity of the technology i;
A — annuity rate;

opex_f,— fixed operational cost per a unit of installed power/heat
capacity produced of the technology i;

CF, — capacity factor of the technology i which characterizes its
capacity utilization rate on an annual basis;

8760 — full number of hours in a year;

ER, — the efficiency rate at which technology i converts its input
energy into the output energy;

P —price per a unit of the energy carrier consumed by technology i;

Wi — annual amount of electricity (heat) produced by the
technology i (Equation 6).

The variable cost (ER -P) of hydro, geothermal, wind and solar
power plants equals zero as they do not consume fuel.

2. For the demand-side technologies consuming electricity (i.e.,
electrification options in manufacturing or residential sector)

ADC, =

P |E, 3),

capex; - A+ opex _ f; N
CF; -8760 1

where E, — annual amount of electricity consumed by the
technology i (Equation 7).

The main difference of the Equation 3 contrast to the Equation
2 is that the former operates the variables (capex, opex_f, CF)
specified per a unit of consumed rather than produced power — an
approach that is largely common in the technical literature when it
comes to economic comparison between technologies consuming
electricity in the demand side.

3. For the transport technologies:
ADC=(capex; A+opex_f) n+P E, 4)

ADC; = (capex; - A+opex _ f;)n; + F, - E; where n,— the number

of the automotive units of type i which can be obtained as:
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n, =

()2

where m; —the average annual mileage covered by an automotive

unit of type 7.

The distinguishing feature of the Equation 4 is that it operates the
variables (capex, opex_f, CF) expressed per a unit of automotive
fleet. The full number of units deployed can be found by dividing
the cumulative annual energy consumption of the fleet (£) on the
average annual mileage covered by an automotive unit of this type.
For the average Russian light duty vehicle, this figure is 17500 km
(Autostat, 2019).

All major inputs for ADC calculations are summarized in Table 1.
These data corresponds to the cost and performance parameters of
technologies being commissioned to 2025. It is obvious that due
to the technological learning parameters of the carbon abatement
technologies listed below will change considerably even by 2035-
2040 and it will affect the profile of MACC for the future. That’s why
we considered the evolution of MACC from 2020-2025 to 2035-
2040 using the lower capex estimations for almost all technologies.

1 Excluding cost of the steam turbine (approximately 20% of the total CSP cost)

For each of the technologies considered, its energy produced ()
or consumed (£) is derived from the corresponding value of the
carbon-intensive energy j (&) which is subject to be substituted.
Here E, values are our expert-based estimations developed for
each of the decarbonization scenarios simulated.

W=E; k;n, (6)
B=— L ),
i

where E - annual amount of primary energy associated with the
carbon-intensive fuel ; that is assumed to be substituted by non-
carbon energy carrier i (relationships between substituting and
substituted energy carriers are summarized in Table 2);

kl.j — coefficient converting primary energy to the natural energy

units of the non-carbon energy carrier i;

1,41, —net efficiency rates of the substituted (j) and substituting
(7) technology.

For non-carbon technologies related with combined production
of electricity and heat (nuclear or biomass cogeneration) we have

Table 1: List of non-carbon technologies analyzed and their technical parameters

Power supply
Nuclear PPs 2270 USD/kW 2050 USD/kW
Hydro PPs 1650 USD/kW 1650 USD/kW
Wind PPs 900 USD/kW 700 USD/kW
Solar PPs 1100 USD/kW 975 USD/kW
Geothermal PPs 3335 USD/kW 3335 USD/kW
CCGTs with CCS 2650 USD/kW 2550 USD/kW
Heat supply
Biofuel district heat 300 EUR/KW 300 EUR/KW
Nuclear CHPs 350 000 RUB/kW 300 000 RUB/kW
Solar heat (CSP) 4800USD/kW, 3850 USD/kW
Heat pumps 950 EUR/kW 860 EUR/kW
Transport
Electric vehicles 28400 USD/unit 21800 USD/unit
Hydrogen-fueled heavy 258000 USD/unit 198000 USD/unit
duty vehicles (HDV)
Biodiesel vehicles 23500 USD/unit 21500 USD/unit
Electrification in the demand-side
Manufacturing 30 USD/kW 30 USD/kW
Residential services 40 USD/kW 40 USD/kW
Hydrogen technologies
CCGT on hydrogen 1150 USD/kW 1000 USD/kW
Fuel cells on hydrogen 1300 + 350 USD/ 800 + 250 USD/
kW (electrolyzer + kW (electrolyzer

compressor and storage)

+ compressor and
storage)

6 3 90 OECD, IEA 2020
8 2 50 IRENA, 2021
2 2 15 Power purchase
2 3 27 agreements
3 2 74 IEA 2020;
IRENA 2021
4 4 70 50 IEA, 2020
2 2 40 85 European
Commision, 2018
3 2 65 Data collected
from national
nuclear
engineering
companies
65 90 IRENA, 2021
1 1 40 300 (DEA 2020), 3
MW system
- 5 - 18,7 Nissan Leaf
kWh/100  (caranddriver.com;
km fueleconomy.gov)
- 5 - 0,8 kg (NREL 2020),
H,/100 km  750-miles HDV
- 5 - 71/100 km
1 11 90 95 Domestic
1 11 50 95 manufacturer data
3 2 60 60 (IEA, 2019), ERI
3 2 90 65 RAS estimations
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Table 2: Relationships between substituting and substituted energy sources

NPPs are planned to be installed in the European part of Russia only
Most of the hydropower potential is accumulated in the Asian part of Russia
Average fuel mix in the Russian power supply sector

Assuming coal power plants to be entirely substituted by other non-carbon

Most of the biomass resources are situated in Siberia. Taking this, we assumed
Siberian-based coal CHPs and boiler plants to be substituted in the larger part
Nuclear CHPs are planned to be installed in the European part of Russia only

Power supply
Nuclear PPs 95% natural gas+5% coal
Hydro PPs 30% natural gas+70% coal
Wind PPs 70% natural gas+30% coal
Solar PPs
Geothermal PPs
Thermal PPs with CO, 100% natural gas
capture and storage sources
Heat supply
Biofuel CHPs pellets 30% natural gas+70% coal
Nuclear CHPs 95% natural gas+5% coal
Solar heat 70% natural gas+30% coal
Heat pumps
Transport
Electric vehicles 100% gasoline
Hydrogen fuel cell vehicles 100% diesel
Biodiesel vehicles 100% diesel
Demand-side electrification
Manufacturing 70% coal+30% oil fuel

Residential services 100% coal

Average fuel mix in the Russian heat supply sector

Light duty vehicles
Heavy duty vehicles, buses?
Heavy duty vehicles, buses

Industrial heat plants (actual fuel mix in Russia)
Assuming the prior substitution of carbon-intense coal heat supply sources

implemented a more sophisticated procedure. First, we calculated
specific cost of 1 Joule of output energy (hereinafter — levelized
cost of Joule, LCOJ) the same way as in the equation 2, but with
substitution of the latter multiplier by cumulative amount of output
energy (i.e. electricity plus heat) produced by the technology
within a year. Second, we reduced this value by subtraction of
the specific cost of electricity (per kWh) calculated for the same
technology assuming its operation in “electricity-only” mode
without cogeneration. So that, the resulting formulae looks like:

LCOH ,, =LCOJ , —LCOE,,, - W, | O, (8),

where LCOHchp — levelized cost per a unit of heat generated by
the considered cogeneration technology;

LCOE, - levelized cost per a unit of electricity generated by the
benchmarking “electricity-only” plant;

W - annual electricity production by the cogeneration technology
considered;

Qu — annual heat production by the cogeneration technology
considered.

The cash-denominated amount of energy savings (E£S in the
Equation 2) can be found as:

ES; =) F,-P,jei ),
J
where F— annually consumed amount of the carbon-intensive fuel
J; it is assumed each of the considered non-carbon technologies
(i) would substitute corresponding sorts of carbon fuels (this
relationship is summarized in Table 2);

P price per a unit of the carbon-intensive fuel j (Table 3).

2 International studies indicate very low efficiency of hydrogen as a fuel for light duty transport
3 National statistical data as of January 2021 r., converted in tonnes of coal equivalent (t
c.e.) — ideal energy density measure (7000 kcal/kg)

Table 3: Characteristics of carbon-intensive fuels

Coal (power supply) 370 g c.e./kWh 3300 45
Coal (heat supply) 0,167 kg c.e./Gcal

Natural gas (power supply) 300 g c.e./kWh 4650 64
Natural gas (heat supply) 0,155 kg c.e./Geal

Gasoline 81/100 km 38000 520
Diesel 6,51/100 km 36800 504
Fuel oil 0,159 kg c.e./Gecal 15800 216

Appropriately, the physical amount of carbon emissions avoided
(CE in the Equation 2) can be found as:

CE; =) F;-¢;,jei
J
where ¢; — CO, content per a weight unit of fuel j (Table 4).

(10),

4. RESULTS AND DISCUSSION

We have built MACCs for two scenarios each of them reflects
different pace toward low-carbon economy in Russia. Each
scenario was built under our expert judgements about energy
mix shift spurred by different rates of carbon tax in our country.

The basic scenario assumes zero carbon tax. The need to
comply with the environmental requirements introduced in
the main export markets is assumed to be dominant driver of
decarbonization in this scenario. We estimate the total volume
of avoided carbon fuel consumption at 270 mln t of coal
equivalent and the avoided volume of GHG emissions at 625
min t of CO,.

The intensive scenario assumes a sustainable increase in the
carbon tax rate — up to 100 USD/t CO, by 2050. This would
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inspire much more solid reduction of the carbon-intensive fuels
utilization. Our estimates show the potential of this reduction can
reach 630 mln t of coal equivalent with the reduction of GHG at
1480 min t of CO,.

Figures 1 and 2 presents our estimations of initial (capital)
cost necessary for non-carbon technologies deployment. These
figures, therefore, do not account for any operational costs related
with analyzed technologies. Such MACCs are important when
quantifying what amount of financial support is required for
decarbonization projects to break-through into the market.

As the figures show, the strongest reduction in GHG emissions
in both the basic and the intensive scenarios could be obtained
through energy savings measures in the demand side (233 and 272
mln t of CO,-equivalent, respectively). They are succeeded by
nuclear PPs (reductions of 136 and 290 mln t of CO,-equivalent,
respectively). Hydroelectric power plants and (in the intensive
scenario) wind power plants also provide significant savings in
GHG emissions. The smallest contribution to GHG savings is
made by hydrogen technologies, carbon capture and storage (CCS)
and geothermal energy.

With investment costs standpoint, energy efficiency measures
are the most efficient in both scenarios (less than 18 USD/t CO,)
succeeded by electrification technologies in industry and district

Table 4: CO, content of carbon-intensive fuels (IPCC
2006)

Coal 94.6 2.77
Natural gas 56.1 1.64
Gasoline 69.3 2.03
Diesel 74.1 2.17
Qil fuel 77.4 2.27

heating (53 and 58 USD/t CO,, respectively). The use of biomass
(pellets for district heat, biodiesel for transport, biofuel boiler
facilities) is also non-capital-intensive decarburization option.
The level of investment costs required by them is approximately
108-138 USD/t CO,,.

The majority of carbon-free power generation technologies are
in the middle of the investment cost curve: Their capital cost
varies from 280 to 560 USD/t CO,. The lower end of the range
corresponds to the indicators of nuclear power plants (NPPs) - the
least-cost from all carbon-free generation technologies in the
Russian conditions. Hydropower plants (HPPs) are in the middle
of the range presented above. Renewable generation (wind and
solar PP) is characterized by higher level of costs - 470 and 560
USD/t CO,, respectively.

For the rest of the carbon-free technologies, implementation
costs begin to skyrocket. Thus, the electrification of transport will
require costs at the level of 800 USD/t CO,. Heating plants based
on solar concentrators require initial cost up to 2000 USD/t CO,,.
The most capital intensive technologies are fuel cell vehicles and
nuclear combined heat and power (CHP) plants (both of them
require about 2500 USD/t CO, of investments).

Figures 3-6 shows the values of full cost related with the
deployment of carbon-free technologies in both scenarios. Since
these estimations are accounted for operational costs along with
capital expenditures, they are obviously different from those
presented in the previous figures. In order to capture foreseeable
progress in economics of the carbon-free technologies considered,
we used 2 time slots — 2020-2025 and 2030-2035 — with the
calculations made for each of them.

As of 2020-2025, large majority of carbon-free technologies
has positive values of CO, avoided cost (Figure 3). Only two of
them (biodiesel duty vehicles and energy conservation measures)

Figure 1: Initial cost (investments) per a unit of the CO, emission avoided (basic scenario)

(6]
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Figure 2: Initial cost (investments) per a unit of the CO2 emission avoided (intensive scenario)
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Figure 3: Total cost related to the CO, emission avoided, 2020-2025 (basic scenario)
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are placed in the negative zone of the graph, i.e. they are net-
beneficial. Electric vehicles (EV) require 16 USD for each t CO,
abated. For most of the electricity generation technologies, this
figure varies in the range of 40-90 USD/t CO,. The lower end of
this diapason is attributed to conventional types of carbon-free
generation — nuclear and hydropower — while wind, geothermal
and especially solar PV generation is more expensive (58, 69
and 87 USD/t CO,, respectively). On the other hand, electricity
generation technologies typically cause lower cost of CO2
abated than heat generation sources. Of the latters, biofuel
district heating is the least-cost option (93 USD/t CO,) while
nuclear CHP, heat pumps and especially solar heat are much
more expensive.

By 2030-2035, significant reduction in capital cost is expected
for many of the carbon-free technologies observed (Figure 4).
As a result, the cost curve would become more flat. The cost
of CO, abatement would decrease for all electricity generation
technologies, especially for wind and solar PP: with the cost
of 41 and 55 USD/t CO, respectively, they would become fully
competitive with conventional carbon-free generation in term of
cost of emissions over the whole lifecycle. Heat supply options
will also experience a cost decline (with the most visible drop
attributed to solar heat, though it would remain the most costly
decarbonization option in our country). But the most impressive
progress throughout all the analyzed stuff of the technologies is
expected for EV — their cost of CO, abatement would be as low
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Figure 4: Total cost related to the CO, emission avoided, 2030-2035 (basic scenario)
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Figure 5: Total cost related to the CO2 emission avoided, 2020-25 (intensive scenario)

A - biodiesel

700

vehicles
B - energy savings

D
[=3
S

4
[=3
(=)

S~ C-EV
D - HPPs
R E - NPPs

N
=}
(=]

F - WPPs
G - CCGTs with
CCUS

H - geothermal PPs
I - pellet industrial
boilers

J - SPPs
K - biofuel district

8]
[=
S

heat
L - electrification
(district heating)

Cost of 1 t CO, avoided, USD/t
=
S

—_
[=3
S

M - electrification

(industry)
N - nuclear CHPs

A

-100

O - heat pumps
P - hydrogen (SMR)
Q - solar heat

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 R-FCV
Annual amount of CO2 avoided, min t

S - hydrogen
(electrolysis)

as =230 USD/t CO,. This result is achievable thanks to expected
drop in the cost of car batteries which are accounted for significant
part of the car’s initial cost as well as its total cost of ownership
over the lifecycle.

In the intensive scenario, some additional carbon-free technologies
are added to the analysis — CCGT with CCUS, fuel cells vehicles
and hydrogen production technologies. Besides, expanded
ranges of annual amount of CO, abated are applied for most of
the technologies. For instance, NPPs save 255 miIn t CO, in the
intensive scenario contrast to 118 mln t in the basic one. Similarly,
wind PP’s contribution in CO, reduction would rise from 21 min t
in the basic scenario by 110 min t in the intensive scenario. Other
carbon-free technologies also increase their participation in CO,
reduction in 1.2-2 times regarding basic scenario.

The estimations of the carbon abatement cost related to the
intensive scenario are shown in Figures 5 and 6.

According to our estimations, the most cost-efficient
decarbonization options in Russia lie in transportation sector. The
deployment of biodiesel-fueled vehicles could bring about 35 USD
of net savings per each 1 t CO, avoided. Electric vehicles require
only marginal expenses in 2020-2025 (16 USD/t CO,) but could
become net cost-benefit decarbonization option by 2030-35, with
the annual effect of =230 USD/t CO,. However, this figure does
not include any infrastructural cost related with EV deployment.
We assume that EV deployment will occur mostly in the biggest
agglomerations of our country and therefore will be limited in
scales of CO, abatement (only 35 mln t of savings per year).

Energy saving measures in the demand side are also net-positive
from the total cost standpoint though they net effect is relatively
modest (around 2 USD/t CO,). Nonetheless, these measures play
the leading role in the basic scenario accounting for around 30%
of emissions cut in this scenario.
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Figure 6: Total cost related to the CO2 emission avoided, 2030-35 (intensive scenario)
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Within power generation sector, hydro and nuclear PPs are the least
cost decarbonization options with 41 and 44 USD/t CO,, respectively.
They are succeeded by wind PPs which cost of emissions avoided
is estimated at 55 USD/t CO,. Solar power generation (87 USD/t
CO,) is expected to be the least effective decarbonization option in
the power sector because of relatively poor insolation conditions
in the most of the Russian Federation's territory.

Within heat supply technologies, the most effective option is
biofuel district heat which cost is around 93 USD/t CO, with
amount of emission abated near 58 min t annually. Solar heat
utilization is the less efficient measure of decarbonization (345
USD/t CO,) preceded by nuclear CHP (302 USD/t CO,).

In the intensive scenario, some additional technologies occur,
of which only carbon capture-and-storage (CCS) technology
could be assumed as medium-effective (132 USD/t CO,), but its
niche is very limited because most of the carbon-intensive coal
power plants in this scenario are substituted by other non-carbon
technologies which are less cost.

Hydrogen is the least efficient energy carrier in the intensive
scenario. When used via CCGT, its carbon avoided cost in 2030-35
will be 415 USD/t CO2. Hydrogen utilization via fuel cells will
be more efficient (with carbon avoided cost at 375 USD/t CO2),
but yet to make them economically rational option.

5. CONCLUSIONS AND POLICY
IMPLICATIONS

In the study, we estimated specific cost of CO, emission abated
for relatively wide range of low-carbon and carbon-free energy
technologies taking into account some critical economic and
climate conditions of Russia as well as its current energy mix.
Doing this, we built the marginal abatement cost curve that exhibit
the relative efficiency of these technologies in both economic and

environmental terms.

It is shown that the most promising and least expensive methods of
decarbonization in the Russian case study are automotive transport,
primarily biodiesel and electric vehicles. This can be explained
by foreseeable drop in the consumption of petroleum fuels and
the possibility of maximizing the use of the infrastructure created
for the production and operation of internal combustion engines.
There is also a significant potential for energy saving in industry
and construction.

These three areas of decarbonization can be treated as self-paid
investment projects (excluding required charging/refueling
infrastructure). Other areas discussed will require the introduction
of certain CO, regulation mechanisms designed to reallocate
investment resources in favor of low-carbon technologies. In this
category, nuclear and hydropower plants seem to be the most
competitive in terms of cost-to-climate efficiency, followed by
wind and solar generation.

The conditions for the widespread use of CCUS technologies in
Russia have not yet developed. The potential of this direction of
decarbonization, which is in demand in areas with predominant
coal generation, is currently relatively small.

The technologies of nuclear heat supply and hydrogen energy
turned out to be closing. From this point of view, the programs of
hydrogen energy development being adopted in Russia are still
significantly separated from the real prospects for implementation.

At the same time, our assessments reflect the static state of the
technology structure, and in the period up to 2050, which is chosen
as the planning horizon, the situation may change due to the known
effects of scientific and technological progress and the economic
incentives for low-carbon energy being taken. The assessment of
these effects and their impact on the structure of technologies in
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the Russian energy sector is the subject of our planned studies
based on the model-based approach.

The results obtained are generally consistent with similar
estimates for other countries and the world as a whole. The
greatest differences are observed in estimates of the volume of
application of CCUS technologies and the investments required
for this, as well as in estimates of the prospects for hydrogen
energy. The forecast for the development of these technologies for
Russian conditions looks more pessimistic than in foreign studies.
Refinement of these estimates is included in the development
plans of this study.
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