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Abstract

Introduction. Decarbonization is important for public health, because CO. emissions and air
pollutants, including PM3 s, are associated with increased cardiovascular and respiratory morbidity
and premature mortality.

Aim. To compare the dynamics of CO> emissions from the health-care system and Bitcoin
mining in Kazakhstan and to assess trajectories through 2030 under different scenarios.

Materials and methods. A retrospective ecological time-series analysis covered 2016—2022
and included deterministic scenarios through 2030. National fossil CO- and energy indicators were
obtained from official statistics (Form 1-TEB). Health-care emissions were estimated top-down as
3.65% of national fossil CO., calibrated using the Kazakhstan Health Sector Emissions Fact Sheet.
Mining emissions were calculated from annual electricity consumption and the power-system
emission factors.

Results. National fossil CO; increased from 211.5 to 245.9 Mt. Health-care emissions rose
from 7.71 to 8.96 Mt COze at a share of 3.64-3.65%. The trend was significant: f=+0.158 Mt/year,
p=0.031, R?>=0.64. Bitcoin-mining emissions increased from 0.82 to 7.50 Mt COze: p=+1.187
Mt/year, p<0.001, R?=0.96. Mining electricity consumption grew from 1,234 to 11,234 GWh, and
its share in national electricity use increased from 1.66 to 10.13%. The mining/health ratio
increased from 10.7 to 83.7%: P=+0.133/year, p<0.001, R>=0.97. In 2021, the health-care
emissions structure comprised Scope 1 67% (5.76 Mt), Scope 2 5% (0.43 Mt), and Scope 3 28%
(2.40 Mt). Heating and fuel combustion accounted for 57% of the total. The resulting structure
indicates that the main mitigation potential in health care is related to building energy retrofits, a
transition to clean heat, and improved efficiency of on-site equipment in care delivery settings.
Through 2030 under BAU, health care reaches 9.5 Mt and mining 10.4 Mt. Under Health-only,
health care decreases to 5.2 Mt, while mining remains 10.4 Mt. Under Joint action, 5.2 Mt for
health care and 3.5 Mt for mining are achieved.

Conclusion. Moderate growth in health-care emissions is accompanied by rapid growth in
Bitcoin-mining emissions, which by 2022 nearly matched the sector’s carbon footprint. The
maximum effect is achievable by reducing health-care emissions, primarily Scope 1, and by
decarbonizing or restricting mining.

46


https://doi.org/10.53065/kaznmu.2025.75.4.002
https://doi.org/10.53065/kaznmu.2025.75.4.002

BECTHUK KASHMY Ne4 (75) — 2025

ISSN 2524 - 0684 e-ISSN 2524 - 0692

Key words: Kazakhstan, health care sector, carbon footprint, carbon dioxide, particulate
matter, forecasting.

Introduction. Climate change and ambient air pollution are regarded as among the key
global threats to public health in the 21st century [1, 2]. According to the World Health
Organization, exposure to air pollutants—primarily fine particulate matter (PMzs) — is associated
with increased cardiovascular and respiratory morbidity, premature mortality, and substantial
losses in life expectancy [3, 4]. In this context, growing attention is being paid not only to
traditional emission sources, but also to sectors of the economy that were previously not considered
significant determinants of climate-related health risks [5].

The healthcare system occupies a special position in this context [6]. On the one hand, it is
intended to reduce the burden of diseases associated with environmental exposures; on the other
hand, it itself generates a noticeable carbon footprint due to energy consumption, building heating,
medical equipment, pharmaceutical production, and logistics supply chains [7, 8]. International
estimates suggest that the healthcare sector accounts for 2% to 5% of global greenhouse gas
emissions, while the structure and sources of emissions vary substantially across countries
depending on the energy mix and the organization of healthcare delivery [9].

In parallel, recent years have seen rapid growth of energy-intensive digital industries,
including cryptocurrency mining based on the proof-of-work mechanism [10]. The high electricity
consumption of mining farms and their reliance on carbon-intensive power generation make this
sector a potentially significant source of CO: emissions and air pollutants [11]. In a number of
countries, the contribution of cryptocurrency mining to national electricity consumption and
emissions is already comparable to that of traditional industrial sectors, which has raised increasing
concern among regulators and experts in environmental protection and public health [12].

The Republic of Kazakhstan represents an illustrative example of a country where these
processes are unfolding simultaneously. Kazakhstan’s energy system is characterized by a high
share of fossil fuels, primarily coal and gas, which results in high carbon intensity of electricity
generation [13]. Against this background, Kazakhstan has in recent years become one of the major
centers of cryptocurrency mining, which has been accompanied by a sharp increase in electricity
consumption by this sector [14]. At the same time, the country’s healthcare system operates within
an energy-intensive infrastructure, including a substantial stock of inpatient facilities with
autonomous heat supply and limited electrification of certain processes [15].

Despite the availability of some estimates of the healthcare system’s carbon footprint and a
growing number of publications addressing the environmental aspects of cryptocurrency mining,
comparative studies that consider healthcare and mining within a single analytical framework
remain extremely limited, especially in countries with economies in transition [16]. Existing
studies generally lack comparisons of emissions dynamics in these sectors, their relative
contributions to national CO2 emissions, and the potential consequences for public health [17].

In this regard, it is important to conduct a comprehensive analysis in order, based on official
statistics, to assess the dynamics of CO: emissions from healthcare and bitcoin mining in
Kazakhstan, compare their contributions and growth rates, identify key sources of emissions within
healthcare, project scenarios through 2030, and provide an approximate estimate of the associated
burden on population health.

Thus, the aim of this study is a comparative analysis of the dynamics and projected
trajectories of CO: emissions from the healthcare system and bitcoin mining in the Republic of
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Kazakhstan in 2016-2030, with an emphasis on their relevance for public health policy and
sustainable development.

Materials and Methods.

Ethical issues

The study used aggregated data from open and official sources. Personal data and information
enabling identification of individuals were not used; therefore, ethics committee approval was not
required.

Study design

The study was conducted as a retrospective ecological time-series analysis aimed at assessing
the dynamics and comparative trends of carbon dioxide (CO:) emissions from the healthcare
system and Bitcoin mining in the Republic of Kazakhstan.

The analysis covered the period 2016-2022; in addition, scenario estimates were produced
up to 2030. The unit of analysis was the national level; no individual-level data were used.

The study was conducted in accordance with the STROBE recommendations for reporting
observational studies, taking into account the specifics of ecological and policy-oriented analyses
[18].

Data sources

Data on electricity consumption and the structure of the energy balance of the Republic of
Kazakhstan were obtained from official sources of the Bureau of National Statistics of the Agency
for Strategic Planning and Reforms of the Republic of Kazakhstan, which is the authorized state
body responsible for compiling energy statistics.

Indicators were constructed in accordance with the “Methodology for compiling the fuel and
energy balance and calculating selected statistical indicators characterizing the energy sector,”
approved by Order No. 160 of the Chairman of the Statistics Committee of the Ministry of National
Economy of the Republic of Kazakhstan dated August 11, 2016. Data collection is carried out
through national statistical observations using Form 1-FEB (annual).

National CO: emissions from fossil fuel combustion were used in alignment with
international approaches to accounting for energy-related emissions.

Baseline data on healthcare system emissions were obtained from the Kazakhstan Health
Sector Emissions Fact Sheet (Health Care Without Harm / Arup), in which total sectoral emissions
in 2015 were estimated at 7.34 Mt CO.-equivalent, corresponding to 2.2% of the national climate
footprint and 0.41 t COz-equivalent per capita.

To estimate healthcare system emissions in 2016—2022, a proportional approach was applied.
A ratio coefficient of healthcare emissions to national CO: emissions from fossil fuel combustion
in 2015 was calculated. It was assumed that the sector’s share of national emissions remained
relatively stable over the analyzed period.

Annual healthcare system emissions were calculated by multiplying national CO: emissions
by this coefficient.

For the structural analysis of healthcare emissions in 2021, a modeled decomposition by
Scope 1, Scope 2, and Scope 3 was used, based on national and international estimates of the carbon
footprint of the healthcare sector.

Electricity consumption by Bitcoin mining

Electricity consumption volumes of Bitcoin mining farms in Kazakhstan were estimated:

—using a combined approach that included:

—data provided by mining farm operators;

48



BECTHUK KASHMY Ne4 (75) — 2025

ISSN 2524 - 0684 e-ISSN 2524 - 0692

—analytical reports and publications by companies operating in the cryptocurrency mining
sector;

—previously published scientific studies using Kazakhstan’s national statistics.

Based on these sources, annual electricity consumption by mining (GWh) and its share in the
country’s total electricity consumption were determined.

For international comparisons, data from open analytical sources (Visual Capitalist) were
used; however, such comparisons were descriptive and were not central to the present study.

Calculation of carbon dioxide emissions

Annual CO: emissions from Bitcoin mining were calculated based on electricity consumption
volumes using emission factors for Kazakhstan’s power system.

Emission factors (kg CO:-equivalent per kWh) were determined taking into account the
electricity generation mix (coal-, gas-, and other power plants) and standard values for the
corresponding fuel types.

The average emission factor for the national power system was applied separately for each
year and was used to convert electricity consumed by mining into CO2-equivalent emissions (Mt).

Classification of healthcare system emissions

Healthcare system emissions were classified in accordance with the Greenhouse Gas
Protocol (GHG Protocol):

Scope 1 — direct emissions associated with fuel combustion in medical organizations and the
operation of on-site generators;

Scope 2 — indirect emissions from consumed electricity and district heat supply;

Scope 3 — indirect emissions related to supply chains (pharmaceutical products, medical
equipment), construction, staff and patient transportation, and waste management.

Scenario estimates up to 2030

Scenario modeling of CO> emissions up to 2030 was conducted using a deterministic
approach with specified end values:

—Business-as-usual (BAU) — continuation of current trends without additional emission-
reduction measures.

—Health-only — implementation of decarbonization measures exclusively within the
healthcare system.

—Joint action — simultaneous implementation of emission-reduction measures in the
healthcare system and the Bitcoin mining sector.

Emission values for 2030 were determined based on expert and literature estimates. Annual
trajectories for 2021-2030 were formed by linear interpolation between the baseline values for
2021 and the target values for 2030. Probabilistic or stochastic forecasting models were not applied.

Health burden assessment

For 2021, an illustrative assessment of the health burden associated with emissions from the
analyzed sectors was conducted. National estimates of mortality and DALY's attributable to PM2z 5
exposure were obtained based on Global Burden of Disease—style estimates for Kazakhstan.

Sector-specific mortality and DALY's were calculated by proportionally scaling the national
PM: 5 burden according to the share of fossil CO. emissions attributable to the healthcare system
and Bitcoin mining. Uncertainty was expressed as 95% uncertainty intervals (UI) and was inherited
from the national estimates.

These calculations were used to compare orders of magnitude and were not intended to
establish causal relationships.
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Statistical analysis

Statistical processing was performed using SPSS Statistics version 25. Descriptive statistics
were calculated for indicators of electricity consumption and CO; emissions. Time-series analysis
was applied to assess dynamics over 2016-2022.

Linear regression (OLS) was used to estimate trends in emissions from the healthcare system,
Bitcoin mining, and their ratio. Regression results were presented as B coefficients (change per
year) with 95% confidence intervals, p-values, and coefficients of determination (R?). Share
analysis was used to assess the contribution of renewable and non-renewable energy sources to
mining energy consumption.

Comparative analysis with other Bitcoin-producing countries was descriptive. All statistical
tests were two-sided; the level of statistical significance was set at p < 0.05.

Results. In 2016-2022, national CO: emissions from fossil fuel combustion increased from
211.5 Mt to 245.9 Mt (+16.3% over the period), alongside an increase in estimated healthcare
system emissions from 7.71 to 8.96 Mt CO: (Table 1).

Table 1. National fossil CO. emissions and estimated health-care CO; emissions, 2016-2022

Year [Population| National | Health | Health Care Bitcoin Mining share
million fossil Care | share national Mining national
CO2 Mt |CO2 Mt CO2 Electricity electricity
GWh

2016 18.4 211.5 7.71 3.65 1234 1.66
2017 18.7 2243 8.18 3.65 2345 2.92
2018 18.9 226 8.24 3.65 3456 4.03
2019 19.2 214.7 7.83 3.65 4567 5.07
2020 19.5 222.7 8.12 3.65 7234 7.2
2021 19.7 235.2 8.57 3.64 10346 9.79
2022 20 245.9 8.96 3.64 11234 10.13

The linear trend for healthcare emissions was moderate but statistically significant, § = 0.158
Mt per year, 95% CI 0.020-0.295, p = 0.031, R? = 0.64 (Table 3; Figure 1).
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Figure 1. Health-care versus Bitcoin mining CO: emissions, 20162022

Which in turn corresponds to an average increase of about +1.95% per year relative to the
2016 level, with no signs of acceleration at the end of the series.

For Bitcoin mining over the same period, a sharp rise in estimated emissions was observed
from 0.82 to 7.50 Mt COse (Table 2). The linear trend was much more pronounced and highly
robust: B = +1.187 Mt CO; per year, 95% CI 0.914-1.460, p < 0.001, R? = 0.96. The share of
mining in national fossil CO2 increased from 0.39% to 3.05%.

Table 2. Healthcare versus Bitcoin mining CO: emissions in Kazakhstan, 20162022

Yea | National | Health Bitcoin Bitcoin | Mining share | Mining CO2 as
r fossil Care CO2 Mining Mining | national CO2 pct of
CO2 Mt Mt Electricity | CO2 Mt pct HealthCare CO2
GWh

2016 | 211.5 7.71 1234 0.82 0.39 10.6

2017 | 2243 8.18 2345 1.57 0.7 19.2

2018 226 8.24 3456 231 1.02 28

2019 | 214.7 7.83 4567 3.05 1.42 39

2020 | 222.7 8.12 7234 4.83 2.17 59.5

2021 235.2 8.57 10346 6.91 2.94 80.6

2022 | 2459 8.96 11234 7.5 3.05 83.7
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The convergence of the carbon footprint of mining and healthcare is clearly visible in terms
of the mining/health ratio, which increased from 10.7% (2016) to 83.7% (2022) (Figure 2).
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Figure 2. Bitcoin mining emissions as a percentage of health-care emissions

The trend in the ratio was also statistically significant, f = +0.133 per year (i.e., +13.3
percentage points per year in proportion units), 95% CI 0.106-0.161, p < 0.001, R? = 0.97 (Table
3). Practically, this means that across seven points in the series, mining “caught up” with healthcare
outliers to about ~0.8 of the sector by 2022.

Table 3. Linear trends in sectoral CO, emissions (OLS analysis), 2016-2022

Outcome Annual change | CI95% | CI95 % - R
beta low high value | square

d

Health-care CO: emissions (Mt 0.158 0.02 0.295 0.031 0.64

COze)

Bitcoin mining CO: emissions

(Mt COse) 1.187 0.914 1.46 0,001 0.96

Mining-to-health ratio

(Mining/Health) 0.133 0.106 0.161 0,001 0.97
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The structure of healthcare system emissions in 2021 was characterized by the dominance of
direct sources: Scope 1 = 5.76 Mt COze (67.0%), Scope 2 = 0.43 Mt (5.0%), Scope 3 = 2.40 Mt
(28.0%) (Figure 3).

6 -

Emissions (Mt CO:ze)

Scope 1 Scope 2 Scope 3
Scope

Figure 3. Health-care greenhouse gas emissions by scope, 2021
Within Scope 1, the largest share was attributable to fuel combustion in inpatient facilities
and clinics (4.90 Mt; 57.0%), whereas the contribution from generators was 0.86 Mt; 10.0%. The
largest components of Scope 3 were associated with pharmaceutical products (0.84 Mt; 9.8%) and
medical equipment (0.60 Mt; 7.0%) (Table 4).

Table 4. Breakdown of Kazakhstan’s health-care greenhouse gas emissions by scope and sub-
sector, 2021

Scope | Category Emissions Mt CO2e | Share pct
Scope 1 | Scope 1 — Fuel combustion in hospitals & clinics 4.9 57
Scope 1 | Scope 1 — On-site generators (diesel, gas) 0.86 10
Scope 2 | Scope 2 — Grid electricity for facilities 0.34 4
Scope 2 | Scope 2 — Purchased district heating / steam 0.09 1
Scope 3 | Scope 3 — Pharmaceuticals and chemicals 0.84 9.8
Scope 3 | Scope 3 — Medical devices and equipment 0.6 7
Scope 3 | Scope 3 — Construction and capital goods 0.36 4.2
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Scope 3
Scope 3

Scope 3 — Staff and patient transport 0.36 4.2
Scope 3 — Waste management and other services 0.24 2.8

Scenario projections to 2030 showed that under a business-as-usual pathway, healthcare
emissions increase from 8.6 (2021) to 9.5 Mt COze in 2030 (+0.9 Mt; +10%), while mining
emissions increase from 6.9 to 10.4 Mt (+3.5 Mt; +50%) (Table 5; Figure 4).

Table 5. Scenario projections of CO: emissions to 2030.

Scenario Sector Baseline | Projected | Absolute Relative Share of
2021 2030 change change vs | projected
MtCO2 | MtCO2 | MtCO2 2021 national
2030
BAU Health 8.6 9.5 0.9 10 2.6
sector
BAU Bitcom 6.9 10.4 3.5 50 2.8
mining
Health- Health 8.6 5.2 34 40 1.4
only sector
Health- Bitcoin 6.9 10.4 35 50 28
only mining
Joint action | Ticalth 8.6 5.2 34 40 1.4
sector
Joint action |  Dcoin 6.9 35 35 50 0.9
mining

In the Health-only scenario, healthcare emissions decrease to 5.2 Mt (—3.4 Mt; —40%);
however, mining emissions remain on a growth trajectory up to 10.4 Mt (+50%), meaning the total
burden remains high.
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Figure 4. Scenario-based projections of emissions, 2021-2030
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Maximum effect is achieved under the Joint action: healthcare decreases to 5.2 Mt (—40%),
and mining — to 3.5 Mt (—3.5 Mt; —=50%) (Table 5). Here it is important that within the 2021-2030
period the trajectories on the graph are an interpolation between the specified points for 2021 and
2030, rather than an independent year-by-year forecast (Figure 4).

An illustrative estimate of the health burden for 2021 showed comparable orders of
magnitude for the healthcare system — 365 deaths per year, 95% UI 255-475, and 8.0 thousand
DALYs/year, 95% UI 5.6—-10.4; for bitcoin mining — 290 deaths/year, 95% UI 200-380, and 6.5
thousand DALYs/year, 95% UI 4.6-8.4 (Table 6; Figure 5).

Table 6. Estimated health burden attributable to sector-specific emissions, 2021.

Sector Share of | PM25 Deaths | PM25 DALYs Main causes
national attrib 95U1 attrib 95U1 ranked
fossil CO2 | deaths n DALYs thousands
thousands
Health 3.6 365 255— 8 5.6-10.4 | Ischaemic heart
sector 475 disease, stroke,
COPD, lung cancer
Bitcoin 2.9 290 200- 6.5 4.6-8.4 | Ischaemic heart
mining 380 disease, stroke,
COPD
Combined 6.5 655 455— 14.5 10.2-18.8 | Cardiovascular and
855 chronic respiratory
diseases
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Figure 5. Illustrative PM s-attributable mortality, 2021

Cumulatively, the two sectors accounted for 655 deaths/year (95% UI 455-855) and 14.5
thousand DALYs/year (95% UI 10.2-18.8) (Table 6).

Discussion. The present study showed that in Kazakhstan in 20162022, the rise in national
CO: emissions from fossil fuel combustion was accompanied by a moderate increase in the
estimated carbon footprint of the healthcare system, whereas emissions associated with bitcoin
mining grew substantially faster and by the end of the period approached the scale of the entire
healthcare sector.

Estimated healthcare system emissions increased from 7.71 to 8.96 Mt CO:e against the
background of rising national fossil CO: from 211.5 to 245.9 Mt. At the same time, the linear trend
in healthcare emissions remained moderate (f = +0.158 Mt/year, 95% CI 0.020-0.295, p = 0.031,
R? = 0.64). Such dynamics appear expected for a sector whose infrastructure is inertial: capital
assets (inpatient facilities, heating systems, boiler houses, engineering networks) change slowly;
therefore, annual increments are typically close to linear and reflect overall growth in energy
consumption and system load [9].

Bitcoin mining showed a completely different pattern: emissions grew from 0.82 to 7.50 Mt
COze, and the trend was almost “perfectly” linear for a short series of observations (f = +1.187
Mt/year, 95% CI 0.914-1.460, p < 0.001, R? = 0.96). In practical terms, this means that the annual
additional climate impact of mining was an order of magnitude higher than that of healthcare and,
within the observed period, remained stable [11]. A likely explanation is rapid changes in the
industry’s scale (expansion of farm capacity) under relatively stable carbon intensity of the power
system [19].

Particularly illustrative is the convergence of the sectors in terms of the mining/health ratio:
an increase from 10.7% to 83.7% over 20162022 and a statistically significant trend ( =
+0.133/year, 95% CI 0.106-0.161, p < 0.001, R*> = 0.97). This is not merely mining growth; it is
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quantitative evidence that within a few years, a sector unrelated to core social infrastructure
approached the entire national healthcare system in climate footprint. For the debate on
decarbonization priorities, this is a strong argument that focusing exclusively on “traditional”
sectors is insufficient [16].

Structural decomposition of healthcare emissions for 2021 shows the dominance of Scope 1
—67% (5.76 Mt CO2e), whereas Scope 2 accounts for 5% and Scope 3 for 28%. Within Scope 1,
the main contribution is associated with fuel combustion in medical organizations (4.90 Mt; 57%),
while generators contribute 0.86 Mt; 10%. This profile logically aligns with the characteristics of
heat supply and energy consumption of inpatient facilities in countries with a high share of coal
and gas in the energy mix and a significant role of local heating solutions [20].

The practical implication here is rather straightforward: the fastest and potentially largest
effects in healthcare should be expected from measures targeting heat and fuel (building energy
efficiency, modernization of boiler houses/heat substations, switching to less carbon-intensive
fuels, reducing the need for autonomous generation), rather than only from “electrification” or
electricity procurement. Against this background, the relatively small share of Scope 2 (5%) means
that even radical changes in consumed electricity will yield limited impact unless the issue of heat
and direct fuel combustion is addressed [21].

At the same time, the Scope 3 share (28%) requires cautious interpretation. In the
international literature, for many countries healthcare supply chains can dominate [22]. In this case,
the estimate is likely conservative, because aggregated assumptions and incomplete detailed data
on procurement, logistics, and life cycles of medical products may lead to underestimation. This
does not invalidate the conclusions, but it sets the direction for the next step: expanding the Scope
3 inventory and moving from modeled shares to more “bottom-up” data (procurement categories,
volumes, and suppliers) [23].

Scenario estimates through 2030 reinforce the core meaning of the comparison. Under
business-as-usual, healthcare emissions increase to 9.5 Mt COze (+10% relative to 2021), whereas
mining emissions reach 10.4 Mt (+50%). That is, if trajectories are maintained, mining is capable
not only of “catching up with” but also surpassing the healthcare sector in carbon footprint [11,
19].

The Health-only scenario demonstrates an important governance paradox: even if healthcare
reduces emissions to 5.2 Mt (—40%), mining growth to 10.4 Mt will maintain a high overall burden.
This underscores the need for an intersectoral approach. The most pronounced effect is achieved
only under Joint action (healthcare 5.2 Mt, mining 3.5 Mt), that is, with simultaneous
implementation of measures in both sectors. In essence, the results propose a policy framework:
decarbonization of healthcare should proceed in parallel with regulation of the energy profile of
energy-intensive digital industries; otherwise, part of the effect will be offset at the level of national
emissions [24].

Importantly, the annual trajectories for 2021-2030 in the study were constructed as
interpolation between specified points rather than as a time-series forecast. This limits
interpretation in terms of “precise year-by-year prediction” but it does not reduce the value of the
scenario comparison: it shows the order of magnitude of potential changes and the differences
between strategies [25].

An illustrative estimate of the health burden for 2021 showed comparable orders of
magnitude: for healthcare — 365 deaths/year (95% UI 255-475) and 8.0 thousand DALY's (95% UI
5.6-10.4); for mining — 290 deaths/year (95% UI 200-380) and 6.5 thousand DALYs (95% Ul
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4.6-8.4); in total — 655 deaths (95% UI 455-855) and 14.5 thousand DALY's (95% UI 10.2—18.8).
These values are important as a communication bridge between “tons of CO;” and outcomes that
are understandable for the healthcare system [26].

At the same time, the method of scaling the burden by the share of fossil CO: is a simplifying
one. It is useful for estimating orders of magnitude and comparing sectors, but it does not replace
full-fledged models linking source emissions to PM2 s concentrations and subsequent risks (e.g.,
through emissions inventories, atmospheric modeling, and concentration—response functions) [27].
This assumption requires further validation, especially in the regional context of Kazakhstan, where
the contribution of different sources to PM2 s may vary substantially across regions and seasons.

Study limitations

This study has several limitations. The first limitation is related to the assessment of
healthcare emissions based on a fixed share of national fossil CO: (a coefficient of 3.65%). The
second limitation is the uncertainty in estimating the energy consumption of mining. Although a
combined approach was used, the industry is characterized by high volatility, regulatory changes,
and possible incompleteness of reporting. Nevertheless, the high explained variance of the trend
(R? =0.96) and narrow confidence intervals for B indicate the robustness of the overall dynamics
within the selected period. The third limitation is that scenario modeling up to 2030 is deterministic
in nature and is intended for comparing strategies rather than for accurate forecasting.

Conclusion. In 2016-2022, CO: emissions from Kazakhstan’s healthcare system grew
moderately and linearly, whereas emissions associated with bitcoin mining increased much faster
and by 2022 became comparable in scale to emissions from the entire healthcare sector. The main
contribution to healthcare’s carbon footprint comes from direct emissions (Scope 1), primarily
heating and local fuel combustion, which makes decarbonizing the thermal infrastructure of
medical organizations a priority. The rapid growth of energy-intensive digital industries, including
cryptocurrency mining, can offset the effects of healthcare decarbonization in the absence of cross-
sector regulation. Scenario estimates through 2030 show that a substantial reduction in total
emissions is possible only if measures are implemented simultaneously in the healthcare system
and in the bitcoin-mining sector. Illustrative estimates of the health burden indicate comparable
orders of impact from healthcare and bitcoin-mining emissions, underscoring the importance of

climate policy for public health.
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KA3AKCTAHJIAFBI IEHCAVJIBIK CAKTAY )KYHECI MEH BUTKOUH
MAVHUHITHEH TYBIHIAUTHIH KOMIPTEK IIBIFAPBIHIBLIAPBI: 2016-2030
KBIJITAP APAJIBIT BIHIAT'BI CAJIBICTBIPMAJIBI YPAICTEP MEH BOJIZKAMJIAP

A. KACKBIPBEKOBA !, M. EPKEH 2, A. KACKBIPBEK *, O. BACUJILEBA *

! «Zaman-Bank» AK «/cnam 6anki», Acrana, Kazakcran

2 EM Technology, Actana, Kazakcran

3 Blockchain and Al, Acrana, Kazakcran

* HoBocibip MemylekeTTik MenuIuHa yauBepcuTeti, Hosoci6ip, Peceit denepanuscol

Tyiingeme

Kipicnme. JlexapOoHuzamusi KOFaMIbIK JCHCAYJBIK YIIiH MaHeBRAbL, eouTkeHi CO;
IIBIFAPBIH/IBIIAPE] JKOHE aya JIACTAaFbITaphl, COHBIH imriHae PMas, Kypek-KaHTaMbIp >KOHE
pecrupaTopiblK  aypyIIaHABIKTBIH apTybIMEH J>KOHE MeEp3iMiHeH OypbhIH eJIIM-XKITIMMEH
0ailIaHBICTHI.

Makcarbl. Kazakcranmarsl JIE€HCAYJIBIK CakTay >Xyidleci MeH OWTKOMH-MalHWHTTIH CO>
IIBIFAPBIHIBUTAPBIHBIH TMHAMHUKACHIH CAJIBICTBIPY JKOHE 9pTYPIIi ClieHapHiinep xaraanbHaa 2030
JKBITFA JICHIHT1 TpaeKTOpUsIap bl Oaranay.

Martepuannap MeH dictep. PeTpoCclieKTUBTI SKOJMOTHSUIBIK yaKbITTBHIK Tannay 2016-2022
Kbeuaapapl Kamthir, 2030 sxpuTFa JeliH JeTepPMUHUCTIK crieHapuiiiepai edri3ai. National fossil
CO; xoHE PHEPreTHKANbIK KopceTKimTep pecMu cratuctukagan (1-TOB) anbanael. JleHcaynbik
cakray IIbIFapbeIHIbUIApbl top-down Tacimimed national fossil CO:-TeiH 3,65% yneci periHzae
Oarananpin, Kazakhstan Health Sector Emissions Fact Sheet Goiipiaia kanmuOpnenai. MaHUHT
HIBIFAPBIHIBUIAPB]  KBUIABIK OHEPTUS TYTBIHYBl JKOHE JJIEKTp DSHEPIreTUKAIBIK >KYHEHIH
HIBIFApbIHABLIAP K03 puineHTTepi OOMBIHIIA eCenTeN 1.
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Horuxenep. National fossil CO; 211,5-ten 245,9 Mt-ka neitin ecti. [leHcaynbIk cakray
HIBIFAPBIHBLIAPEL 3,64-3,65% ynec xarmaiteiaga 7,71-men 8,96 Mt COxze-ke AeiiiH YIIFaiIbL.
Tpenn monzi 60masl: f=+0,158 Mt/xbu1, p=0,031, R?=0,64. BUTKOUH-MAiHUHT IBIFAPBIHABLIAPEI
0,82-nen 7,50 Mt COse-ke neifin ecri: P=+1,187 Mt/xsin, p<0,001, R*=0,96. MaitHunrTig
sHeprusi TyThIHYHI 1234-ten 11234 I'Bt-car-ka aeilin apTThl, al eiH 3JCKTP TYTHIHYBIHIAFbI
yiteci 1,66-nan 10,13%-ra neiiin keOeitni. mining/health kareinacer 10,7-nen 83,7%-ra aeiiin ecTi:
B=+0,133/xb1m, p<0,001, R?=0,97. 2021 KBTI AEHCAYNBIK CAKTAy IIBIFAPBIHIBLIAPHIHBIH
KypbUTBIMBL Scope 1 67% (5,76 Mt), Scope 2 5% (0,43 Mt) xone Scope 3 28% (2,40 Mt) Gonsl.
JKbUTbITY 5KOHE OTBHIH/IBI JKaFy Kajmbl KeseMHIH 57%-bIH KaMTaMachl3 €TTi. AJIBIHFAH KYPbUIBIM
JICHCAyJIBIK CaKTayAaFbl HET13T1 TOMEHIETY pe3epBi FUMapaTTapAbl SHEPTUs TUIM/I1 )KaHFBIPTYMEH,
Ta3a JKbUTyFa KOUIYMEH J>XOHE MEAMIIMHAIBIK KOMEKTI KOepCeTy OpbIHIApbIHAA >KaOJbIKTHIH
TUIMUTITIH apTThIpyMeH OaitnanbicThl ekeHiH kepcereai. 2030 xxputra neitin BAU cienapuitinne
JeHcayJIbIK cakTay 9,5 Mt-ka, maitnunar 10,4 Mt-ka xeteni. Health-only cuienapuiiinne nencayibik
cakray 5,2 Mt-ka neitin temennmelni, maiinunar 10,4 Mt neHreitinge kamanmel. Joint action
CIIeHapHUHiH/Ie ACHCAYJIBIK CaKTay YIIiH 5,2 Mt jkoHe MallHUHT yiIiH 3,5 Mt kepceTKimTepine Ko
KETKIZ1IeT.

KopbITbIHABL. J[eHcaybIK caKTay MIbIFapbIHIbLIAPBIHBIH KaJIBITHl ©6CY1 OUTKOUH-MaifHUHT
HIBIFAPBIHABUIAPBIHBIH KBUIAM ©CcyiMeH Karap Jkypemi, amn 2022 xpuiFa Kapail MaiHUHT
CEeKTOPABIH KOMIPTeK 13IMEH JepiiK TeHecTi. EH JkoFapbl ocep JCHCAyJBbIK CaKTay
IIBIFAPBIHIBUIAPBIH, €H anabiIMeH Scope | OoibIHIIA, KBICKAPTY JKOHE MAaWHUHITI
nexapOoHU3aLusIay HeMece IeKTey JKaFIalblH/1a MYMKIH.

Tyiinai ce3nep: KazakcraH, JeHCAyNbIK CaKTay CEKTOPBI, KOMIPTEK 131, KOMIPKBIIIKBLI
rasbl, KaTThl OeJIIeKTep, OoKay.

BBIEPOCHI YIJIEPOJIA OT CUCTEMBI 3/IPABOOXPAHEHUS 1 MAMTHUHT A
BUTKOHUHA B KASAXCTAHE: CPABHUTEJIBHBIE TPEH/IbI U ITPOI'HO3BbI,
20162030 rr.

A. KACKBIPBEKOBA !, M. EPKEH 2, A. KACKBIPBEK *, O. BACUJIBEBA *

" Ucnamcknit 6anx AO «Zaman-Banky», Acrana, Kazaxcran

2 EM Technology, Acrana, Kasaxcran

3 Blockchain and Al, Acrana, Kazaxcran

* HoBocuGupcKkuii rocy1apcTBEeHHBINH MeMIMHCKHUI yHUBepcuTeT, HoBocubupck, Poccuiickas
®denepanus

AHHOTaNUA

BBenenue. JlekapOoHu3anusi BaxkHa AJisi OOIIECTBEHHOTO 3/PaBOOXPAHEHUS, MOCKOJBKY
BbIOpOCKHl CO» 1 3arpsI3HATENN BO3AyXa, BKiIFo4ast PM» s, CBS3aHBI C pPOCTOM CEPACUHO-COCYTUCTOM
U PeCIUPaTOpPHOI 3a00JI€BAEMOCTH U MPEKACBPEMEHHON CMEPTHOCTH.

Hean. ConocraButh AUHAMHUKY BBIOpOCOB CO> CHCTEMBI 3paBOOXPAHCHUS W OUTKOWH-
Maiinunra B Kazaxcrane u ouenuts Tpaekropuu A0 2030 roga npu pa3HbIX ClLIEHAPUSX.

MarepuaJjbl 1 MeTOAbI. PETPOCTIEKTUBHBINA 3KOJIOTUYECKU BPEMEHHOM aHaIn3 OXBaTHII
2016—2022 romsl ¥ BKJItOYAN IeTepMUHUpOBaHHBIe cieHapuu 10 2030 roxa. National fossil COz u
SHEPIreTHYECKUE TOoKa3aTeau TOoJy4YeHbl U3 odunuanbHoil cratuctuku (1-TOB). Briopock
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3/IpaBoOXpaHeHus oneHuBanu top-down kak 1o 3,65% ot national fossil CO:, kanubpoBaHHYyIO
no Kazakhstan Health Sector Emissions Fact Sheet. BeiOpocsl MaifHMHra pacCUMTBHIBAIU IO
r0JIOBOMY 3HEPronoTpedIeHnio U KodhGuireHTaMm BEIOPOCOB SHEPTOCUCTEMBI.

PesyabTaTbl. National fossil COz Beipociin ¢ 211,5 mo 2459 Mt. BriOpocsr
3npaBooxpaHeHus ypenuuuiauck ¢ 7,71 mo 8,96 Mt COze npu gone 3,64-3,65%. Tpenn Obut
3HaunMeIM: B=+0,158 Mt/rox, p=0,031, R?>=0,64. Bei6pocsl GuTkouH-MaitHuHra BEIpociu ¢ 0,82
n0 7,50 Mt COae: P=+1,187 Mt/rog, p<0,001, R?>=0,96. DuepromoTpebneHne MaifHHHTa
yBenuuuiock ¢ 1234 1o 11234 I'Bt-y, a 1o B anekTponoTpedieHun ctpadsl — ¢ 1,66 1o 10,13%.
Otnomenue mining/health Beipocno ¢ 10,7 go 83,7%: B=+0,133/ron, p<0,001, R?>=0,97. B 2021
roJly CTPyKTypa BEIOPOCOB 3/jpaBooxpaHeHus BKitoyana Scope 1 67% (5,76 Mt), Scope 2 5% (0,43
Mt) u Scope 3 28% (2,40 Mt). OTomeHne U CXKUraHue TOIUIMBa oOecrneunBanu 57% olmiero
oOvema. [lomyueHHass CTpPyKTypa yKa3bIBaeT, 4YTO KIIOUEBOM pe3epB CHUXKEHHS B
3IpaBOOXPAaHEHUU CBSI3aH C DHEPrOMOJICPHU3ALMEH 3[MaHUM, MEepexoJ0M Ha YUCTOE TEIUIO U
noBeIIeHHEeM (D PeKTUBHOCTH 000pyI0BaHUs HAa MecTax okazaHus nmomorntu. [{o 2030 roxa mpu
BAU 3apaBooxpanenue nocrturaetr 9,5 Mt, maitaunr 10,4 Mt. ITpu Health-only 3apaBooxpanenue
CHWXKaeTcs 10 5,2 Mt, maiinunar octaetcs 10,4 Mt. Ilpu Joint action mocturarorcst 5,2 Mt st
3apaBooxpaneHus u 3,5 Mt 1 MaliHUHTa.

3akJ/iloueHue. YMEPEHHBIH POCT BBIOPOCOB 3/IPABOOXPAHEHHUS COMTPOBOXKIAETCS OBICTPHIM
pocToM BBIOPOCOB OMTKOMH-MaiHUHTA, KOTOPBIK K 2022 rogy MOYTH CPABHSJICS C YTIIEPOIHBIM
clemoM  cekTtopa. MakcuMalbHBIA  3(PGEKT BO3MOXKEH TpPH CHHIKEHHH  BBIOPOCOB
3/IpaBOOXpaHEHUs, Ipex/ie Bcero Scope 1, u npu AexkapOOHU3AIUHU WK OTPAHUYEHUN MAHUHTA.

KuarwueBbie caoBa: KazaxcraH, cCeKTop 3/IpaBOOXpaHEHUs], YIVIEPOJIHBIA Cled, TUOKCHUL
yTIepoaa, TBEP/IbIe YaCTHIIBI, IPOTHO3UPOBAHHUE.
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