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Abstract. A major contribution to our society’s environmental impact lies in meeting the energy needs of
buildings, specifically in areas where the supply of such commodities is based on high carbon-emitting fossil
fuels (oil/coal). This study analyses a mixed-use urban district situated in Kazakhstan. The district features
a set of households together with three schools, a hospital, and several office buildings. The heating energy
needs of the city are currently entirely met by coal-fired solutions; thus, this study wishes to investigate the
feasibility of novel more sustainable technological approaches. A set of scenarios is modeled by means of
the EnergyPLAN analysis tool where the technical feasibility of a district heating network is analyzed in
combination with both greener fossil fired solutions and renewables.

1 Introduction

The path to decarbonization, which is a mandatory
objective for our society [1], can have diverse
approaches with regard to the energy supply of our
communities. In particular, these pathways can leverage
local conditions in order to achieve the best results in
terms of a set of KPIs: from stimulating local economies
to reducing environmental footprints of different kinds
[2,3].

A comprehensive evaluation of the effectiveness of a
decarbonization solution can be done with an energy
planning approach [4]. This paper analyses potential
pathways to decarbonize the heat supply of a small
community located in Kazakhstan by means of a set of
interventions on the systems that meet its energy needs.
The primary energy supply of Kazakhstan is almost
entirely met through fossil fuels [5]: coal, oil, and
natural gas, even if renewables are gaining momentum
with different projects thanks to the country's vast
potential in terms of solar resource [6,7] and biomass
[7]. As a matter of fact, the feasibility of the transition
of Kazakhstan’s heat and electricity supply towards a
100% RES-based energy supply system has been
already investigated on a country level [8].

But, with regards to the integration of large amounts of
RES several authors highlighted the key role that
increasingly distributed energy systems will play,
particularly if different energy sectors are considered at
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the same time with a holistic approach, towards
distributed multi-energy systems [3,9,10].

The study investigates a residential community located
in north-eastern Kazakhstan, near the city of Pavlodar,
which meets all of its energy needs by means of fossil-
fuels based solutions, both through distributed
technologies (eg. Boilers) and using the national grid’s
electricity. The goal of the study is to investigate the
feasibility of an energy supply system entirely based on
renewable energy sources towards an energy-wise self-
sustaining community, also investigating the potential
role of storage technologies towards a 100% renewable
energy system.

The switch towards such an energy supply system could
be achieved with different technological solutions;
within the present study, the attention is framed on the
potential of using a renewable supply of energy in terms
of electricity (by means of solar PV) and/or biomass,
coupled either with electricity-powered heat production
devices such as heat pumps (HP) and/or biomass
powered micro-CHP (mCHP) and thermal storage
systems (TES). Even considering the very low
temperatures characterizing most of Kazakhstan heat
pumps are still being considered as a valid asset to reach
ambitious decarbonization targets with respect to the
continuously growing district heating sector [11],
mostly thanks to the cheap and easy installation with the
existing building stock and the possibility of integrating
large capacities of renewable electricity generation
sources such as solar photovoltaic (PV) and wind.
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2 Materials and Methods

This section describes the case study that is analyzed,
the software tool used to perform the analyses, and the
scenarios that are investigated.

2.1 Leninsky community description

The case study under analysis is the Leninsky village,
located at 52.25, 76.74, in north-eastern Kazakhstan.
The village is a small rural community of 10.3 thousand
inhabitants over a total surface of approximately 7600
hectares, for a total of 2365 households. The building
stock of the area mostly consists of residential
households, small commercial activities, three schools,
a hospital, and a building destined for cultural activities.
An aerial view of the site is shown in Figure 1.

The main energy commodities required by the
community are electricity and heat for space heating,
given the location no space cooling is needed throughout
the year. In particular, the request for space heating is
prominent, given the yearly temperatures that average
2.7°C over the year, and minimum temperatures that
often get as low as -20°C. A simulated yearly (obtained
from the Renewable Ninja model [12]) temperature
curve is shown in Figure 2.
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Figure 1 - Aerial view of the Leninsky village
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Figure 2 - Yearly temperature for the Leninsky district site.

The district is connected to an electricity distribution
infrastructure that can entirely supply the electricity
needs of the community; heating on the other hand is
entirely supplied by local solutions based on coal
boilers, with the coal being transported periodically to
the community site.

The available data consists of the yearly total energy
demands requested by the community, distinguished by
the demands of the households and the rest of the
buildings. Furthermore, also the data regarding the
supply costs for such energy commodities are provided
in KZT, which is converted to USD for convenience
using an exchange rate of 1 USD = 430 KZT. The data
regarding the energy demand is shown in Table 1, while
the supply costs are shown in Table 2, which shows that
the energy demands of the community are
predominantly residential.

Commodity Average
demand

Single household coal demand 13.5 ton/year
Single household coal cost 38.8 $/ton

Single house electricity demand 4.8 MWh/year

Buildings coal demand 3000 ton/year
Buildings coal cost 25.8 $/ton
Buildings electricity demand 192 MWh/year
Electricity cost (both) 0.023 $/kWh

Table I - Building stock yearly energy demands

Commodity Supply cost
Single household coal cost 38.8 $/ton
Buildings coal cost 25.8 $/ton
Electricity cost (both) 0.023 $/kWh

Table 2 - Energy supply costs for coal and electricity. The
coal cost includes transport to the village

Overall, the whole community has then an approximate
yearly demand of 35,000 tons of coal and 11,500 MWh
of electricity.

From such data is already possible to have an estimate
on the CO; emissions generated in meeting the energy
demands of the community. As of 2016, the emissions
generated in the power sector amounted to 0.98
tonCOo/MWh of electricity, by considering the
transmission and distribution losses (amounting to 7%
[13]) and multiplying by the yearly electricity
consumption returns a total of 11.3 kt of CO, emitted
per year. To meet the heating demand a total of 34,927
tons of coal is needed per year, which generates CO2
emissions for approximately 73.5 kt. The total CO2
emissions then amount to 85.6 yearly kt but are
predominantly originated in meeting the heat demand:
for more than 85% of the total quantity. It’s then clear
that any intervention aimed at lowering the carbon
footprint of the community will have to consider
alternative ways to meet the heating demand.
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2.2 Modeling the community in EnergyPLAN

To be able to model a potentially complex set of energy
conversion and storage technologies, which interact
across different energy carriers, the model EnergyPLAN
is chosen [14]. The model allows simulating the
operation of complex energy systems by meeting the
needs of multiple technologies and energy carriers
considered, by also modeling a relevant presence of
non-controllable renewable energy conversion systems.
This is used to model an energy supply for the
community predominantly based on solar resources by
means of PV systems.

The hourly energy demands to be used in EnergyPLAN
are obtained by referring to the yearly totals available
from the data. For the electricity profile, these are
estimated by referring to residential and commercial
hourly profiles available from literature which are used
throughout the whole year [15], the profile that is
obtained is shown in Figure 3 and considers only
appliances such as lighting and electric plugs.
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Figure 3 - Hourly profile for the electricity demand

The hourly profile for the heating demand is obtained by
referring to the consumption pattern of model buildings
which are simulated by means of the EnergyPlus
software, using reference building models [16] and
setting the location to be the closest available to the
Leninsky district, being the city of Pavlodar. The yearly
profile that is obtained is shown in Figure 4.
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Figure 4 - Yearly profile for the heating demand

The availability of solar resource is modeled by
considering data from the Renewable Ninja model [12]:
a 1 kWp PV plant is simulated and the yearly timeseries
with hourly resolution used as an input to simulate the
yield of PV systems deployed in the community. For
simplicity, it is assumed that the PV system consists in
tilted panels having all the same tilt angle set at 38°
during the whole year (maximizing the yearly capacity
factor) and, moreover, not having any sun-tracking
capability neither on the azimuth angle. The data that is
obtained is shown in Figure 5. Given such reference
year, the total amount of electricity that is yielded by a
1 kWp PV system (already accounting for losses) is
1330 kWh.
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Figure 5 - PV system yield for a 1 kWp plant located in the
Leninsky community area

2.3 System
Scenarios

parameters & Investigated

The scenarios that are proposed investigate the available
technological options to decarbonize the energy supply
of the community. The RES supply that is investigated
is PV, both by means of rooftop systems but also
potentially to be placed in the surroundings of the
community.

A first scenario (Scenario 1) switches the heating
production systems from coal-based boilers to air source
heat pumps, still by means of single-household/building
individual solutions. With regards to the individual heat
pump systems, EnergyPLAN models the heat supplying
electric system as a single technology identified by its
size and a single conversion efficiency parameter (COP
in this case). Such parameter is defined as a single value
throughout the whole year in EnergyPLAN and is set to
3 for the electricity to heat conversion following a heat
pump performance curve with respect to outside air
temperature [17], and considering the yearly average
temperature of approximately 3.5°C for the location of
the Leninsky district obtained averaging the data shown
in Figure 2.

By considering the average yearly temperature the COP
would surely be overestimated, as heating demand is
higher in moments where outside temperatures are
lower, thus ultimately leading to lower COPs. But
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nevertheless, in the following scenarios also the
possibility of storing heat is considered, which is
ultimately the production of heat at moments of high
availability of non-controllable electricity. In the case of
this paper (considering only PV) the excess electricity
would be available only in the central hours of the day,
with higher temperatures and therefore COPs. For such
reason the representative COP used in EnergyPLAN is
left at 3.

In such scenario the PV system capacity is set to an
amount that would grand an electricity production
sufficient to meet both the electricity and heating
demand. Such electricity amounts to the sum of the
community’s electricity demand plus the electricity that
would be needed to supply the whole heating demand
with an electrical heating device with COP equaling 3,
following the same conversion efficiency assumption
just described to obtain the size for the PV system.

The first amounts to 11.54 GWh/year and the second
amounts to 50.13 GWh/year; for a total of 61.67
GWh/year of electricity. A PV system that meets such
demand by considering a 1330 kWh/kWp would be of
approximately 46.4 MWp, which is considerably large
at 20 kWp per household of the community. This is
considered to be a feasible possibility for the setting at
hand given the urbanization level and relative isolation
of the context where the community being analyzed is
located.

The goal of this scenario is to have a quantitative
estimate of the unbalance between the -electricity
produced by the PV systems and the actual electricity
and heating demands.

A second scenario (Scenario 2) adds to Scenario 1
the possibility of storing the produced heat for a
maximum of 2 days by still using technological
solutions at the individual/single-household level. This
is investigated in order to understand the potential role
of'a simple heating storage solution, such as an insulated
water tank to increase the RES self-consumption
capabilities of the community.

Finally, a third scenario (Scenario 3) reduces the
amount of PV in the community to a total of 10 MWp
(which is closer to systems size which is typical for
rooftop installations at approximately 4 kWp per
household), and the heating demand is partially
switched from a heat pump system to domestic micro-
CHP systems fed by biomass, having a 20% electric
efficiency and a 60% thermal efficiency. This scenario
is intended to study alternative solutions to the sole
usage of PV, switching part of the heating demand to
biomass and potentially returning a less land footprint
demanding design for the energy supply of the district.
The share of the heating demand that is left to be met by
heat pumps corresponds to the one that should ideally be
met by the 10 MWp PV system, which under the
hypotheses made produces 13.3 GWh of electricity per
year.

Thus, in total, three scenarios are proposed to
investigate the decarbonization of the heat supply are
listed as follows, and a summary of the settings related
to the energy systems in place are shown in Table 3.

1. PV + individual heat pumps
2. PV + heat pumps + domestic heat storage

3. PV + heat pumps/microCHP + domestic heat

storage
Variable Scenario Scenario Scenario
1 2 3

PV system 46.4 46.4 10
size [MWp]
HP heat 150.4 150.4 39.9
demand
[GWh]
mCHP heat 0 0 110.3
demand
[GWh]
TES [yes/no] No Yes yes

Table 3 - Settings for the analyzed scenarios

The simulations aim at comparing the three scenarios
with regards to different metrics both among them and
with the reference Scenario (the situation as it is now)
anticipated in Paragraph 2.1. Such metrics are the
environmental impact of the designs, expressed as the
amount of CO2 emissions, and the level of non-
controllable renewable electricity self-consumption that
is achievable, which is expressed by the total amount of
electricity that must be imported and/or exported. With
regards to electricity exports, these are considered as if
the electricity could entirely be injected into the grid
without curtailments and thus, be used by other users
connected to the grid after accounting for transmission
and distribution losses. This is considered to reduce the
CO2 emissions of the community as if the surplus
electricity would avoid electricity production by the
central system.

All the scenarios are confronted with the situation
as it is now, named “Reference” from now on in order
to have a better grasp of the consequences of the
different planning choices.

3 Results

The discussion of the results in this section is divided in
three sub-sections. The first concerns the electricity
import-export imbalance generated by the heavy
presence of non-controllable RES, the second the CO;
emissions generated with the novel designs and finally,
the third briefly discusses some considerations on the
economics of the proposed solutions.

3.1 Non-controllable electricity imbalance

The results obtained from the EnergyPLAN simulations
are summarized by means of the total yearly electricity
imports and exports, shown in Figure 6, and the total
yearly CO2 emissions, shown in Figure 7.

Figure 6 already gives a visual hint at the
implications of having large shares of non-controllable
electricity in a district: even if the PV system is sized to
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meet the whole demands of electricity and heating there
is still a significant lack in synchronization between
demand and production causing the need to inject large
quantities of electricity into the grid, and consequently
forced to withdraw that same amount of electricity
during the evening and night. Overall, the community is
significantly more reliant on the grid as an asset in order
to meet its own energy needs given the need to import
and export electricity for approximately 46 GWh per
year.

This slightly gets better with the addition of a thermal
storage system, as in Scenario 2, where the electricity
imports and exports decrease to approximately 34 GWh,
which is still significantly higher than the 12 GWh of
the reference scenario.

Finally, in scenario 3, there is a clear asymmetry
between imports and exports: the former is as low as 2
GWh while the latter is still relatively high at 25 GWh.
This suggests that the availability of making use of
electricity by means of PV is intrinsically limited by the
energy demand patterns of the case study at hand. On
the other hand, the CHP systems allow covering the
majority of the electricity needs of the community which
can’t be met by the PV systems due to a lack of sync.
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Figure 6 - Scenarios comparison in terms of yearly electricity
imports and exports

3.2 Generated emissions

With regards to emissions, shown in Figure 7, it’s clear
that all of the proposed scenarios achieve a significant
reduction with respect to the reference scenario. From
over 85 kt of CO2 in the reference scenario the
emissions lower as much as 6.5 and 4.8 yearly kt of CO2
in Scenario 2 and Scenario 3 respectively.

In Scenario 3 the CO2 emissions generated by the
community go below zero at -22.8 kt. This happens
thanks to the fuelling of the mCHP systems, which are
entirely carbon-neutral, and the electricity exports are
still substantial as shown in Figure 6.

It has to be noted also that the electricity exports, which
are significant across all the proposed scenarios, might
be subject to curtailments due to grid congestion, thus

ultimately increasing the CO2 emissions generated by
the community under the assumptions made.

Moreover, in Scenario 3 it’s assumed that all the fuel
needed by the local mCHP systems is provided by
carbon-free sources. Given the total heating demand
from mCHP of 110.3 GWh, met with a CHP system with
a thermal efficiency of 60%, the biomass that is to be
supplied would range between 1.6 and 3 times the yearly
amount of coal (in weight) that is currently being
supplied, depending on the type of biomass that is
available in the area [18].
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Figure 7 - Scenarios comparison in terms of yearly CO2
emissions

3.3 Economics & final remarks

Finally, a last comment is made on the economics of the
proposed configurations.

Considering the data shown in Table 1 and Table 2 a
total operational expenditure (OPEX) sustained by the
district (considering it as a single entity) would be of
approximately 1.5 million USD per year for the supply
of coal and electricity.

For the rest of the proposed scenarios, a proper
estimation of the OPEX is not as straightforward as they
would be heavily dependent on potential support
schemes for renewables electricity compensation, which
as of today are still defined on a project by project basis
in Kazakhstan [19]. From the electricity export
magnitudes shown in Figure 6 it can be deduced that the
level of such compensation could have a significant
impact in determining the total costs of any of the
solutions analyzed in the scenarios. Moreover, reliable
data on the potential supply cost for biomass could not
be obtained by the authors.

With regard to the capital expenditures (CAPEX), there
is a significant difference between scenario 1 and 2 with
regard to scenario 3, as the former is much more CAPEX
intensive, specifically with regard to the PV capacity
installed. In such cases, even considering potential
support schemes the investment would probably be
prohibitive for any private citizen, potentially requiring
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the development of novel ownership models such as
energy communities.

To conclude, from an economic standpoint no clear
winner among the proposed designs can be declared yet
given the absence of key information, which might be
significantly impacted by near-future
renewables/decarbonization supporting policies.

4 Conclusions

This study investigated potential pathways to switch the
energy supply, both for electricity and heating, of a
community located in Kazakhstan to 100% renewable
energy. The aim is to achieve a significant curb in CO2
emissions with respect to the current baseline case that
largely uses fossil fuels (coal).

A set of scenarios studying different system
configurations using solar energy by means of PV
systems and/or biomass is defined and studied by means
of the EnergyPLAN model. With regard to meeting the
heating demand both heat pumps and household size
micro-CHP systems are studied.

The results show that the full electrification of the
heating demand and the meeting of all the community’s
electricity requirements by PV systems installed on-site
would both require very large PV installations, most
probably exceeding the space availability of the
buildings in the district, and most importantly generate
significant  hour-by-hour electricity —imbalances,
ultimately leading to the community being more reliant
on the electric distribution grid. This only slightly gets
better by enhancing the community storage capabilities
with thermal energy storage systems at the individual
single-household level

On the other hand, limited to a more reasonable size the
PV system and switching part of the heat demand to
biomass-based micro CHP could better meet the heating
requirements of the community, provided that the
needed biomass (up to 3 times the mass of the current
coal supply) can be supplied to the community.

Future developments of this study could broaden the
span of technological options to reach decarbonization
targets. As an example, considering community-level
wind projects, and most importantly the impact on the
heating demand of enhanced energy efficiency measures
on the building stock.
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