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Highlights 

1. First comprehensive spatial heat load density analysis for 4GDH potential in an extreme cold 

climate capital city. 

2. Median HLD of 4.48 MW/km2 exceeds the European 4GDH viability threshold (3 MW/km2) by 

49%. 

3. Over 52% of Ulaanbaatar’s DH service area meets 4GDH economic viability criteria. 

4. Hybrid temperature strategy enables 4GDH operation for approximately 90% of the heating 

season. 

5. Three pilot zones identified with heat densities of 35–85 MW/km2 for phased implementation. 

Abstract 

Ulaanbaatar, the capital of Mongolia, operates one of the world’s largest district heating (DH) systems 

in the coldest national capital (Heating Degree Days ~5800). Despite serving over 60% of the city’s 1.6 

million residents, the current 3rd generation DH system suffers from high thermal losses (~17–18%) 

and relies on coal-fired combined heat and power plants. Transitioning to 4th generation district 

heating (4GDH) with lower supply temperatures could reduce these losses while enabling future 

low-temperature renewable energy integration. This GIS-based spatial heat load density (HLD) 

analysis uses operational data from the Ulaanbaatar District Heating Company, encompassing 13,500 

buildings with a total connected capacity of 3,924 MW. Grid-based spatial analysis was performed at 

two resolutions (1 km2 and 2 km2). Threshold sensitivity analysis was conducted across HLD criteria 

of 1–5 MW/km2. Results indicate that median HLD values exceed the European reference threshold 

of 3 MW/km2, with log-normal distributions confirmed by Shapiro–Wilk tests. Three candidate pilot 

zones were identified. A hybrid temperature strategy (65/35 °C above −25 °C; 90/60 °C below) further 

contextualizes the findings. These results suggest spatially favorable conditions for 4GDH 

development, providing a quantitative foundation for subsequent techno-economic feasibility 

studies. 

Keywords: district heating; heat load density; 4th generation district heating; extreme cold climate; 

spatial analysis; GIS-based heat mapping; threshold sensitivity analysis; Ulaanbaatar 

 

1. Introduction 

District heating (DH) systems play a vital role in providing thermal comfort to urban 

populations, accounting for approximately 12% of global heat demand in the building sector [1]. As 

the world intensifies efforts to achieve carbon neutrality, the transformation of existing DH 

infrastructure toward more efficient and sustainable configurations has become a critical priority [2]. 
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Recent comprehensive reviews have documented the state-of-the-art in 4th and 5th generation DH 

systems, highlighting both technological advances and remaining implementation challenges [28,29]. 

The concept of 4th generation district heating (4GDH), introduced by Lund et al. [3], represents a 

paradigm shift in DH technology, characterized by low supply temperatures (40–65 °C), integration 

of renewable and waste heat sources, and smart grid capabilities that enable bidirectional energy 

flows. 

While 4GDH systems have been successfully implemented in several European cities, including 

Copenhagen, Denmark, and various Swedish municipalities [4,5], their applicability to regions with 

extreme continental climates remains largely unexplored [30]. Recent studies on China’s urban 

heating systems have demonstrated the risks of carbon lock-in from continued coal-CHP expansion 

[31], yet systematic spatial assessments for extreme cold climate cities remain scarce. This knowledge 

gap is particularly significant for cities in Central Asia, Siberia, and northern China, where winter 

temperatures can reach −40 °C or below, and heating seasons extend for 6–8 months annually [6]. The 

lack of comprehensive feasibility studies for such regions presents a substantial barrier to sustainable 

energy transition in these areas. 

Ulaanbaatar, the capital of Mongolia, presents a unique and compelling case study for 

examining 4GDH feasibility in extreme cold climates. As the world’s coldest capital city, Ulaanbaatar 

experiences average January temperatures of −21 °C, with extreme lows reaching −40 °C [7]. The city’s 

8-month heating season (September to May) places enormous demands on its energy infrastructure. 

Currently, approximately 60% of the city’s 1.6 million residents (as of 2024) are served by a 

centralized DH system that relies primarily on coal-fired combined heat and power (CHP) plants 

[8,9]. This heavy dependency on coal combustion has contributed to severe air pollution, with 

Ulaanbaatar frequently ranking among the world’s most polluted cities during winter months, 

causing significant public health concerns [10]. Recent field measurements of indoor thermal 

environments in Ulaanbaatar residential buildings have revealed average temperatures of 25.4 °C—

exceeding design standards—with significant energy saving potential through improved building 

envelope performance [32]. Mongolia’s renewable energy policy framework has also been analyzed 

in the context of the country’s heavy dependence on coal-fired generation [33]. 

The existing DH system in Ulaanbaatar operates at what can be classified as 2nd generation 

technology, characterized by supply temperatures exceeding 100 °C, high distribution losses 

(approximately 18%), and limited consumer-side temperature control [11]. The infrastructure, largely 

inherited from the Soviet era, faces increasing challenges including aging pipelines, capacity 

constraints, and growing demand from rapid urbanization. These factors underscore the urgent need 

for modernization strategies that can improve efficiency while creating thermal conditions 

compatible with future low-temperature renewable energy integration. 

The spatial distribution of heat demand is a fundamental factor in determining the economic 

viability of DH systems [12]. Heat load density—defined as the thermal energy demand per unit area 

(typically expressed in MW/km2 or GJ/ha)—serves as a key indicator for assessing whether 

centralized heating infrastructure can be economically justified compared to decentralized 

alternatives [13]. European studies have established that areas with heat load densities exceeding 3 

MW/km2 generally support economically viable DH systems, while densities above 20 MW/km2 

indicate highly favorable conditions for district heating development [14,15]. 

This study aims to address critical research gaps through a comprehensive spatial heat load 

density analysis of Ulaanbaatar’s centralized DH system. The specific objectives are: (1) to determine 

the spatial distribution of heat load density across Ulaanbaatar’s DH service area using GIS-based 

grid analysis at multiple resolutions (1 km2 and 2 km2); (2) to evaluate the statistical characteristics of 

the heat load density distribution and compare them with established 4GDH economic viability 

thresholds; (3) to identify high-density zones suitable for priority 4GDH pilot implementation; and 

(4) to develop recommendations for 4GDH transition strategies appropriate for extreme cold climate 

conditions. 
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2. Literature Review 

2.1. Evolution of District Heating Systems 

The development of district heating technology has progressed through distinct generations, 

each representing significant advances in efficiency, temperature levels, and system integration 

capabilities. First-generation systems (1880–1930) utilized steam as the heat carrier, operating at high 

temperatures and pressures with substantial heat losses. Second-generation systems (1930–1980) 

marked the transition to pressurized hot water, typically operating at temperatures above 100 °C, 

representing a significant improvement in distribution efficiency. Third-generation systems (1980–

2020) brought further improvements through pre-insulated pipes and reduced operating 

temperatures (70–100 °C), enabling be�er integration with combined heat and power plants. 

The 4th generation concept, formalized by Lund et al. [3] in 2014, envisions DH systems 

operating at supply temperatures of 40–65 °C, enabling direct integration of renewable and waste 

heat sources that would be unusable in higher-temperature systems [16]. The emerging 5th 

generation concept further extends this vision with bidirectional thermal grids operating at near-

ambient temperatures. A recent state-of-the-art analysis by Yao et al. [28] provides a comprehensive 

assessment of both 4GDH and 5GDH system configurations, while Dang et al. [29] present a 

systematic survey of 5GDH implementations across Europe. As illustrated in Figure 1, Ulaanbaatar’s 

current system operates in the 2nd generation paradigm, with the proposed transition targeting 

3rd/4th generation characteristics. 

 

Figure 1. Evolution of district heating technologies from 1st to 4th generation (adapted from Lund et al. [3]). 

Note: The present study focuses exclusively on the transition from 3rd to 4th generation district heating systems, 

with Ulaanbaatar’s current position (2nd generation, >100 °C supply temperature) and proposed transition 

target toward 4GDH (55–65 °C supply temperature). 

2.2. Heat Load Density in DH Planning 

Heat load density serves as a fundamental metric in DH system planning, providing a spatial 

indicator of where centralized heating infrastructure can be economically justified. Persson and 

Werner [17] established that area heat densities exceeding 3 MW/km2 generally support economically 

viable DH development. Their comprehensive analysis demonstrated that approximately 50% of the 
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EU’s heat demand is located in areas meeting this threshold, suggesting substantial potential for DH 

expansion even in markets with lower current penetration rates. Subsequent studies have refined 

these thresholds, with Nielsen and Möller [15] identifying 20 MW/km2 as indicating highly favorable 

conditions and 50 MW/km2 as representing priority development zones. Sánchez-García et al. [34] 

further advanced the understanding of effective width for district heating distribution cost 

assessment, while Bachmann and Kriegel [35] demonstrated that network structure and temperature 

spread are equally significant determinants of DH economic viability alongside linear heat density. 

2.3. Cold Climate District Heating Challenges 

The applicability of 4GDH concepts to cold and extreme cold climates has received increasing 

a�ention. Averfalk and Werner [19] demonstrated that low-temperature DH in Nordic climates 

requires careful peak load management. Nord et al. [20] found that hybrid temperature strategies can 

capture 80–90% of 4GDH efficiency benefits while maintaining reliability. Brand and Svendsen [21] 

showed that many existing radiator systems in Nordic buildings are oversized by factors of 1.3–1.5×, 

suggesting greater compatibility with reduced supply temperatures than nominal specifications 

indicate. Guelpa et al. [36] reviewed strategies and implementations for supply temperature 

reduction in existing DH networks operating at 80–100 °C. Østergaard et al. [37] provided a 

comprehensive review of low-temperature operation requirements for enabling 4GDH in existing 

building stock. More recently, Javanshir et al. [38] analyzed the risks of electrified district heating in 

Finland’s cold climate, highlighting the importance of hybrid strategies for maintaining system 

reliability. 

2.4. GIS-Based Spatial Heat Demand Analysis 

GIS methods have become standard tools for spatial heat demand assessment. Möller and Lund 

[13] established multi-resolution grid-based approaches for evaluating DH potential. Dochev et al. 

[23] demonstrated building-level data for high-resolution heat demand mapping. Chambers et al. 

[24] applied machine learning to improve heat demand estimation accuracy. Collectively, these 

studies establish that grid-based spatial analysis at 1 km2 resolution provides a robust balance 

between spatial detail and statistical reliability for DH planning. More recently, Manz et al. [39] 

performed a pan-European spatial analysis of renewable and excess heat potentials for climate-

neutral district heating, while Spirito et al. [40] developed a spatially-detailed model for optimally 

matching heat sources and demands at large scale. Kuntuarova et al. [41] provide a comprehensive 

review of DH network modeling approaches and simulation tools. 

3. Materials and Methods 

3.1. Study Area 

Ulaanbaatar is situated at approximately 47.9°N latitude and 106.9°E longitude, in a valley along 

the Tuul River at an elevation of approximately 1350 meters above sea level. The climate is classified 

as subarctic continental (Köppen climate classification: Dwc), characterized by extreme temperature 

variation between seasons. The mean annual temperature is −0.4 °C, with average January 

temperatures of −21.6 °C and minimum recorded temperatures of −42.2 °C. The heating season 

extends from September 15 to May 15 (approximately 8 months), with approximately 5800 heating 

degree days (base 18 °C), making it one of the most heating-intensive urban environments globally. 

3.2. Data Sources and Heat Supply Infrastructure 

The primary dataset was obtained from the Ulaanbaatar District Heating Company (UBDHK) 

through collaboration with the Thermal Engineering Division of the Ulaanbaatar City Governor’s 

Office, compiled as of April 2024. The dataset includes georeferenced heat load information for all 

buildings connected to the centralized district heating network, providing a comprehensive 

foundation for spatial analysis. 
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Table 1. Summary statistics of Ulaanbaatar district heating system data. 

Parameter Value Unit 

Total connected buildings 13,500 buildings 

Total connected heat load 3924 MW 

Average heat load per building 290 kW 

Median heat load per building 168 kW 

Study area (longitude range) 106.73–107.02 °E 

Study area (latitude range) 47.84–47.96 °N 

The city’s heat supply infrastructure consists of four primary heat sources, as illustrated in 

Figure 2. Combined Heat and Power Plant No. 4 (CHP-4) dominates the system with 59% of total 

installed capacity (1373 Gcal/h), followed by CHP-3 (25%, 585 Gcal/h), Amgalan Heat-Only Boiler 

plant (13%, 300 Gcal/h), and the older CHP-2 (3%, 60 Gcal/h). The total installed heating capacity of 

2318 Gcal/h (2696 MW) must serve a growing heat demand that has increased from 3166 Gcal/h in 

2020 to 3829 Gcal/h in 2024, representing a 21% increase over five years. 

 

Figure 2. Ulaanbaatar district heating system heat source configuration: (a) capacity share by source showing 

CHP-4 dominance (59%); (b) installed heating capacity by plant with total system capacity of 2318 Gcal/h. 

Figure 3 illustrates the concerning gap between heat demand and installed capacity. The current 

system has been operating at capacity deficit since at least 2020, with the gap projected to widen from 

1511 Gcal/h (2024) to 2782 Gcal/h by 2030 if current growth trends continue. This capacity shortage 

underscores the urgent need for both efficiency improvements through 4GDH transition and strategic 

capacity expansion. 
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Figure 3. Ulaanbaatar district heating load projection (2020–2030) showing historical growth (blue bars) and 

projected demand (orange bars) with linear trend of +195 Gcal/h per year. The current installed capacity (2318 

Gcal/h, do�ed line) has been insufficient since 2020. 

3.3. Grid-Based Spatial Analysis Methodology 

The spatial analysis employed a grid-based approach using QGIS 3.28 software, following 

established methodologies for heat load density mapping [14,17]. Two grid resolutions were 

employed to balance analytical precision with strategic planning requirements. The 1 km2 resolution 

(1.0 km × 1.0 km cells, 345 total cells) provides detailed spatial resolution suitable for pilot zone 

identification and detailed planning. The 2 km2 resolution (√2 km × √2 km ≈ 1.414 km × 1.414 km cells, 

176 total cells) offers a broader perspective appropriate for strategic assessment and regional 

planning. 

The selection of grid cell sizes was guided by three considerations: (1) Compatibility with 

international benchmarks: the 1 km2 resolution aligns with European reference studies by Persson 

and Werner [14] and Connolly et al. [2]; (2) Statistical representativeness: a preliminary analysis at 

500 m × 500 m resolution yielded approximately 40% of cells containing fewer than 5 buildings, 

resulting in statistically unreliable estimates; the 1 km2 resolution provides 15–20 buildings per 

occupied cell; (3) Multi-resolution robustness: the √2 km × √2 km grid (yielding (√2)2 = 2.0 km2 cell 

area) evaluates sensitivity to spatial aggregation effects. 

A five-step GIS processing workflow was implemented: (Step 1) Data import and coordinate 

reprojection from WGS84 (EPSG:4326) to UTM Zone 48N (EPSG:32648); (Step 2) Grid generation 

using QGIS 3.28 “Create Grid” tool; (Step 3) Point-in-polygon spatial join assigning each building to 

its enclosing grid cell; (Step 4) Aggregation of design heating capacities per cell to compute HLD; 

(Step 5) Statistical analysis including Shapiro–Wilk tests and log-transformation using Python SciPy 

v1.11. 

Heat load density for each grid cell was calculated using Equation (1): 

qₐ = ΣQᵢ / A_cell (1)

where qₐ (MW/km2) is the areal heat load density of grid cell a, Qᵢ (kW) is the design heating capacity 

of building i within cell a, and A_cell (km2) is the cell area. The design heating capacity Qᵢ represents 

the maximum thermal power allocated to each building under design outdoor conditions (−40 °C per 

Mongolian building code BNbD 41-01-11), as recorded in the UBDHK operational database. This 

value reflects connected thermal load rather than measured consumption; consequently, the HLD 

values represent upper-bound estimates of spatial heat demand. 
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4. Results 

4.1. Spatial Distribution of Heat Load Density 

Figure 4 presents the spatial distribution of heat load density at 1 km2 resolution. The analysis 

reveals a highly concentrated pa�ern with distinct high-density cores in the central urban area. The 

maximum heat load density reaches 85.09 MW/km2, located in central Bayangol district, with 

secondary peaks exceeding 70 MW/km2 in Sukhbaatar district. The distribution pa�ern reflects the 

historical development of Ulaanbaatar, with Soviet-era apartment complexes concentrated in central 

districts creating zones of extremely high heat demand density. 

 

Figure 4. Spatial distribution of heat load density at 1 km2 grid resolution across Ulaanbaatar’s district heating 

service area. High-density cores (>50 MW/km2) are concentrated in central Sukhbaatar, Bayangol, and parts of 

Chingeltei districts. 

The 2 km2 resolution analysis (Figure 5) reveals similar pa�erns with reduced peak values 

(maximum 74.07 MW/km2) due to spatial averaging effects. This resolution provides a clearer view 

of the regional structure of heat demand, identifying a central high-density corridor extending 

approximately 8 km from west to east through the urban core. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 February 2026 doi:10.20944/preprints202602.1008.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1008.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 17 

 

 

Figure 5. Spatial distribution of heat load density at 2 km2 grid resolution, showing smoothed pa�erns that reveal 

the broader regional structure of heat demand concentration. 

4.2. Statistical Characteristics and Threshold Analysis 

Table 2 presents comprehensive statistical analysis results. Both distributions exhibit strong 

positive skewness (1.87 and 1.92), indicating a concentration of cells at lower density values with an 

extended tail toward high-density areas. The kurtosis values (3.42 and 3.68) slightly exceed that of a 

normal distribution (3.0), indicating heavier tails. The Shapiro-Wilk test confirms significant 

departure from normality (p < 0.001 for both resolutions), consistent with the log-normal 

distributions typically observed in urban heat demand pa�erns. 

Table 2. Extended statistical analysis results for heat load density distribution. 

Parameter 1 km2 Grid 2 km2 Grid 

Cells with data (n) 149 85 

Mean (MW/km2) 14.46 12.67 

Median (MW/km2) 4.48 3.32 

Maximum (MW/km2) 85.09 74.07 

Standard deviation 19.45 18.11 

Skewness 1.87 1.92 

Kurtosis 3.42 3.68 

Coefficient of variation (%) 134.5 142.9 

Shapiro-Wilk p-value <0.001 <0.001 
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Figure 6. Frequency distribution histograms of heat load density at (a) 1 km2 and (b) 2 km2 grid resolutions, 

showing the right-skewed distribution characteristic of urban heat demand pa�erns. Vertical lines indicate mean 

(red dashed), median (green solid), and 4GDH threshold of 3 MW/km2 (orange do�ed). 

Notably, the median heat load density of 4.48 MW/km2 (at 1 km2 resolution) exceeds the 

European 4GDH economic viability threshold of 3 MW/km2 by 49%. At 2 km2 resolution, the median 

(3.32 MW/km2) still exceeds the threshold by 11%. This indicates that the majority of Ulaanbaatar’s 

district heating service area meets the fundamental economic viability criterion for 4GDH 

implementation. 

Table 3. Proportion of cells exceeding heat load density thresholds. 

Threshold (MW/km2) Significance 1 km2 2 km2 

>3 (4GDH threshold) Economically viable 52.3% 47.1% 

>10 Favorable 34.2% 29.4% 

>30 Priority zone 18.8% 15.3% 

>50 Highly favorable 8.1% 5.9% 

4.3. Multi-Resolution Comparison 

Figure 7 presents a side-by-side comparison of the two grid resolutions. The 1 km2 grid reveals 

finer spatial detail with sharper density gradients, while the 2 km2 grid provides a smoothed 

representation be�er suited for strategic planning. Both resolutions consistently identify the central 

urban corridor as the primary zone of high heat demand concentration, validating the robustness of 

the spatial analysis methodology. 
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Figure 7. Comparative analysis of heat load density distribution at 1 km2 and 2 km2 grid resolutions, 

demonstrating the impact of spatial aggregation on density statistics and pa�ern identification. 

4.4. International Comparison 

Figure 8 positions Ulaanbaatar’s system performance within the international context. The 

current heat loss rate of 18% is the highest among compared systems, exceeding the European 

average (approximately 10%) by 8 percentage points and best-performing systems (Austria, Estonia: 

5%) by 13 percentage points. This comparison highlights substantial efficiency improvement 

potential: reducing heat loss to the European average would recover approximately 314 MW of 

thermal capacity—equivalent to 12% of the current installed capacity of 2318 Gcal/h. 

 

Figure 8. International comparison of thermal distribution losses across district heating systems. Countries 

selected based on: (i) cold climate (HDD > 3000); (ii) 3GDH-to-4GDH transition experience; (iii) available loss 
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data. Ulaanbaatar’s 18% loss rate exceeds the European average (~10%) by 8 percentage points, highlighting 

significant efficiency improvement potential through 4GDH transition. 

5. Discussion 

5.1. Technical Considerations for Temperature Reduction 

While the heat load density analysis indicates spatially favorable conditions for 4GDH 

development, several technical challenges must be addressed for successful transition in 

Ulaanbaatar’s extreme cold climate. The most significant constraint relates to radiator capacity in 

existing buildings designed for high-temperature systems. 

The heat output of radiators follows the logarithmic mean temperature difference (LMTD) 

relationship with indoor and outdoor conditions. For a conventional system operating at 95/70 °C 

supply/return temperatures with 20 °C indoor temperature, the LMTD is calculated as 

(75−50)/ln(75/50) = 61.7 °C. For a 4GDH system operating at 55/35 °C, the LMTD reduces to 

(35−15)/ln(35/15) = 23.6 °C. This yields a capacity ratio of 23.6/61.7 = 38%, representing a 62% 

reduction in radiator heat output capacity. Chicherin [42] recently demonstrated through a case study 

in Omsk, Russia—a city with comparable extreme cold conditions—that a 10 °C reduction in supply 

temperature can yield approximately 20% reduction in heat losses and 19% lower operational costs, 

providing empirical support for temperature reduction strategies in extreme cold climates. 

5.2. Hybrid Temperature Strategy 

Given the radiator capacity constraints, a hybrid temperature strategy is proposed to balance 

4GDH benefits with reliability requirements during extreme cold periods. The −25 °C threshold for 

temperature mode switching was selected based on detailed radiator capacity analysis. At outdoor 

temperatures above −25 °C, the required heating load is approximately 70% of design capacity, which 

can be met by oversized Soviet-era radiators even at reduced 4GDH supply temperatures. 

Table 4. Hybrid temperature operating strategy for Ulaanbaatar 4GDH implementation. 

Mode Outdoor Temp Supply Temp Season Share Benefits 

4GDH Base > −25 °C 55–65 °C ~90% Full 4GDH benefits 

Hybrid Peak < −25 °C 75–90 °C ~10% 
Reliability 

maintained 

This strategy enables 4GDH operation for approximately 90% of the heating season while 

maintaining system reliability during the most extreme conditions that occur for approximately 10% 

of the heating period. 

5.3. Pilot Zone Recommendations 

Based on the spatial analysis results, three priority zones are recommended for phased 4GDH 

pilot implementation, as illustrated in Figure 9. The selection criteria include high heat density (>30 

MW/km2), presence of newer building stock with be�er thermal performance, and existing 

infrastructure connectivity. 
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Figure 9. Recommended pilot zones for phased 4GDH implementation in Ulaanbaatar, identified based on heat 

load density analysis. High-priority zones (green dashed circles) in Sukhbaatar Center and Bayangol Center 

exhibit heat densities >30 MW/km2, with medium-priority expansion zone (blue dashed) in Chingeltei. 

Table 5. Detailed pilot zone specifications for phased 4GDH implementation. 

Parameter Zone 1: Sukhbaatar Zone 2: Bayangol Zone 3: Chingeltei 

Coordinates (°E) 106.91–106.94 106.86–106.89 106.84–106.87 

Coordinates (°N) 47.91–47.93 47.87–47.89 47.92–47.94 

Area (km2) ~3.2 ~2.8 ~2.5 

Heat density (MW/km2) 55–85 45–70 35–55 

Buildings ~420 ~380 ~310 

Total load (MW) ~185 ~145 ~95 

Priority High High Medium 

5.3.1. Scope Clarification 

It is important to clarify the scope of the present analysis within the broader context of 4GDH 

transition assessment. The spatial heat load density analysis presented here addresses one necessary 

but not sufficient condition for 4GDH viability: the existence of sufficiently concentrated heat 

demand. A comprehensive 4GDH transition assessment would additionally require: (i) techno-

economic analysis; (ii) detailed hydraulic network modeling; (iii) building-level thermal 

compatibility assessment; (iv) renewable energy source identification and integration modeling; and 

(v) life cycle environmental assessment. The present study establishes the spatial foundation upon 

which these subsequent analyses can be built. 

5.4. Implications for Renewable Energy Integration 
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The transition to 4GDH would significantly expand the range of renewable and waste heat 

sources that can contribute to Ulaanbaatar’s heat supply. At conventional supply temperatures 

exceeding 100 °C, renewable integration is limited to high-temperature sources such as biomass 

combustion. With 4GDH supply temperatures of 55–65 °C, several additional sources become 

technically viable, including large-scale solar thermal systems with seasonal storage, ground-source 

and air-source heat pumps, industrial waste heat recovery, and data center waste heat utilization. 

The Drake Landing Solar Community (DLSC), a Canadian demonstration project supported by 

Natural Resources Canada, has demonstrated that solar thermal with borehole thermal energy 

storage can provide 90% of space heating demand even in climates with over 5000 heating degree 

days [18]. Given Ulaanbaatar’s exceptional solar radiation (averaging 2,700 kWh/m2/year), similar 

systems could contribute substantially to the city’s heat supply while reducing coal dependency and 

associated air pollution. Liu et al. [31] demonstrated that diversifying China’s urban heating systems 

through industrial waste heat recovery and heat pumps could reduce emissions by 26% by 2030 

without new CHP construction. A systematic review of DH decarbonization strategies by Malcher et 

al. [43] found that 4GDH/5GDH systems can reduce carbon footprints by up to 70% compared to 

3GDH configurations. The IRENA report on Mongolia’s heating sector [44] has modeled renewable 

energy scenarios projecting up to 93% CO2 reduction through geothermal, solar thermal, and large-

scale heat pump integration. 

6. Conclusions 

This study provides the first comprehensive spatial heat load density analysis for 4th generation 

district heating (4GDH) potential assessment in Ulaanbaatar, Mongolia—the world’s coldest capital 

city. The analysis of 13,500 buildings representing 3924 MW of connected thermal capacity provides 

a robust empirical foundation for evaluating 4GDH transition potential in extreme cold climate 

conditions. The principal conclusions are as follows: 

Spatial conditions for 4GDH development are favorable: The median heat load density of 4.48 

MW/km2 at 1 km2 resolution exceeds the European reference threshold of 3 MW/km2 by 49%. Over 

half (52.3%) of all analyzed grid cells meet or exceed this threshold, indicating spatially favorable 

conditions for 4GDH development across the majority of Ulaanbaatar’s DH service area. 

Spatial distribution is highly concentrated: Approximately 20% of the service area exhibits heat 

load densities exceeding 30 MW/km2, with peak values reaching 85 MW/km2 in central Bayangol and 

Sukhbaatar districts. This concentration pa�ern supports a phased implementation strategy 

beginning with high-density pilot zones. 

Significant efficiency improvement potential exists: The current heat loss rate of 18% 

substantially exceeds the European average of 10%. Detailed network-level thermal modeling is 

required to quantify the recoverable thermal capacity from loss reduction, which is identified as a 

priority for future research. 

A hybrid temperature strategy is essential: Full 4GDH operation at 55–65 °C supply temperature 

is feasible for approximately 90% of the heating season (outdoor temperatures above −25 °C). During 

extreme cold periods (approximately 10% of the season), elevated supply temperatures of 75–90 °C 

are required to ensure adequate heat delivery with existing radiator infrastructure. 

Three pilot zones are recommended for phased implementation: Sukhbaatar Center and 

Bayangol Center are identified as high-priority zones with heat densities of 55–85 MW/km2, while 

Chingeltei represents a medium-priority expansion area. Combined, these zones encompass 

approximately 1110 buildings and 425 MW of heat demand. 

The methodology is transferable: The GIS-based spatial analysis framework developed in this 

study provides a systematic approach applicable to other cold climate cities in Central Asia, Siberia, 

northern China, and similar regions seeking to evaluate 4GDH feasibility. 

6.1. Limitations 
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Several limitations of this study should be acknowledged. First, the heat load data represent 

design heating capacities (maximum thermal power under design outdoor conditions of −40 °C) 

rather than metered energy consumption. As Soviet-era building design standards typically 

incorporate oversizing factors, the HLD values reported herein likely represent upper-bound 

estimates of actual spatial heat demand. 

Second, no detailed analysis of the physical pipe network infrastructure was performed. 

Parameters critical to 4GDH transition assessment—including pipe age distribution, diameter 

profiles, insulation condition, and hydraulic capacity constraints—were beyond the scope of this 

spatial analysis. 

Third, this study does not constitute a comprehensive feasibility assessment. Economic 

parameters such as capital investment requirements, net present value (NPV), internal rate of return 

(IRR), and levelized cost of heat (LCOH) were not evaluated. The term “spatially favorable 

conditions” used throughout this paper refers specifically to heat demand density meeting reference 

thresholds. 

Fourth, the European reference threshold of 3 MW/km2 was developed under different climatic 

(HDD ≈ 2500–3500), building efficiency, and energy pricing conditions than those prevailing in 

Ulaanbaatar. Development of locally calibrated benchmarks incorporating Mongolian cost structures 

and climate parameters remains a priority for future research. 

6.2. Future Research Directions 

Building upon the spatial assessment framework established in this study, the following future 

research directions are identified: (1) Techno-economic feasibility analysis incorporating capital and 

operational cost modeling; (2) Building stock characterization and retrofit assessment for radiator 

oversizing and thermal envelope performance; (3) Dynamic thermal network simulation using 

TRNSYS or Modelica; (4) Renewable energy integration assessment including solar thermal, heat 

pump, and waste heat potential; (5) Life cycle environmental assessment comparing coal-based 

3GDH versus renewable-integrated 4GDH, building upon the technology options identified by 

IRENA [44] and NewClimate Institute [45]; (6) Social and institutional analysis for 4GDH transition 

in the Mongolian context. 

This research suggests that despite Ulaanbaatar’s extreme climate conditions, the spatial heat 

demand conditions for 4GDH development appear favorable. However, a comprehensive feasibility 

determination would require additional techno-economic evaluation, building-level retrofit 

assessment, and detailed hydraulic network analysis beyond the scope of this spatial assessment. 
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