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This study introduces an innovative mathematical programming methodology to determine optimal sustainable
heating alternatives for high-altitude regions. Employing integer linear programming, a multi-objective
optimization model was developed to simultaneously minimize the total present value and CO, emissions. The
model integrates a comprehensive framework of design, operational, and financial constraints to address the
heating demands over a 19-year period starting in 2021. The analysis is focussed on Pamplona, North of
Santander, a region characterized by challenging climatic conditions and specific energy needs. The model
evaluates diverse heat generation technologies, including gasification, anaerobic digestion, solar collectors for
heating water, and conventional fuel-based systems and natural gas grid connection. These considerations offer
valuable insights for policymakers and stakeholders aiming to advance sustainable energy solutions in
comparable settings.

1. Introduction

Pamplona, located in the Noth of Santander, Colombia, within the Paramo de Santurban, lies at an altitude of
2,350 metres above sea level. The region is characterised by a cold and humid climate, with annual average
temperatures ranging from 5°C to 16°C. This paramo ecosystem plays a vital role in capturing and regulating
water resources, which are essential for the downstream agricultural and urban areas. Given the cold climate,
the demand for heating is significant, particularly during colder months, thus necessitating efficient and
sustainable energy solutions for both residential and institutional buildings. Furthermore, the energy
requirements are increased due to the population of over 56,894 people, whose daily activities, education, and
commerce depend on reliable heating systems (Sistema Unico de Informacién, 2022).

Unlike many countries with established district heating networks, Colombia lacks this infrastructure. Instead, the
supply of heat energy relies on a combination of decentralised and centralised systems. In some urban areas,
centralised natural gas networks provide a reliable source of heat for both heating and cooking (UPME, 2022).
In contrast, other sources, such as hot water systems, solar radiation, liquefied petroleum gas (LPG), and
biomass for processes like anaerobic digestion and pyrolysis, behave in a decentralised manner. While these
solutions cater to local needs, they lack the integration and efficiency of district heating networks, underscoring
the need for scalable, innovative approaches to meet heating demands, especially in high-altitude regions like
Pamplona.

In the region, heating distribution systems are generally organised into three types: the first is decentralised,
where individual users install their own heating units, typically in isolated homes. The second is centralised,
where a heating plant connected to the natural gas network distributes heat to small communities or residential
complexes. The third approach involves expanding the natural gas grid to reach wider urban and rural areas,
providing heat to high-altitude zones.

In response to these challenges, this study proposes the adoption of kWh as the standard unit for measuring
heat supply. Standardising heat measurement in kWh offers several advantages: it allows for integration with
electrical and renewable energy systems, simplifies billing by applying charges like those used for electricity,
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and facilitates comparisons across various energy sources. This approach provides a solid foundation for the
development of efficient, scalable, and user-friendly heating solutions tailored to local conditions.

The need for sustainable heating solutions becomes even more urgent when considering the recent changes in
energy demand observed in Pamplona. These shifts have been significantly influenced by the COVID-19
pandemic, which altered residential and commercial energy consumption patterns. Villamizar-Villamizar et al.
(2022) employed LEAP software to project long-term energy demand in the region, noting an increase in
residential consumption as people spent more time indoors during lockdowns. This trend underscores the
growing necessity for energy-efficient and sustainable heating technologies to meet both current and future
demands.

In response to these emerging needs, researchers have investigated strategies to optimise energy systems.
Stamatellou et al. (2021) examined various building ventilation techniques to improve indoor air quality in a post-
pandemic context. Their findings highlighted that while enhanced ventilation increases heating costs, it is
essential for maintaining healthy indoor environments, particularly in cold climates like Pamplona. These insights
have contributed to further research into cost-effective and energy-efficient heating solutions for regions with
similar climatic challenges.

Subsequent studies have explored innovative approaches to heat generation in areas with high demand.
Jahangir et al. (2022) studied hybrid power and heat generation systems during the COVID-19 crisis in Italy,
demonstrating the benefits of integrating renewable sources such as solar heating and biomass to reduce
reliance on conventional fuels. These hybrid systems effectively addressed fluctuating energy demands and
reduced greenhouse gas emissions, providing promising solutions for regions like Pamplona.

Karasu (2023) further advanced this field by optimising thermal requirements in smart district heating systems.
His research demonstrated the potential of advanced control strategies to improve energy efficiency and reduce
costs through real-time demand adaptation. This approach is particularly relevant to Pamplona, where flexible
and efficient heating systems are critical due to the region's climate conditions.

Moreover, optimised heating systems not only address immediate energy demands but also contribute to
broader sustainability goals outlined in Colombia's national energy strategies, such as the PROURE programme
(Ministerio de Minas y Energia, 2023).

From this perspective, this study proposes a novel multi-objective mixed integer linear programming (MOMILP)
approach to identify optimal sustainable heating alternatives for Pamplona. The MOMILP model aims to
minimise net present value (NPV) while reducing CO, emissions, by incorporating various heat generation
technologies such as biomass gasification, pyrolysis, LPG, and solar collectors. These technologies are
designed to meet thermal demand in both centralised and decentralised areas through the extension of natural
gas networks. The model accounts for specific design, operational, and budgetary constraints. This research
provides valuable insights for policymakers and stakeholders, contributing to the advancement of energy
efficiency and sustainability in Colombia's high-altitude regions.

2. Mathematical Formulation

This section presents the MOMILP model, including the objective functions and the design, operational, and
budgetary constraints for the heating system.

2.1 Objective Functions

The objective functions are designed to minimize the NPV and CO, emissions. The NPV is calculated as the
sum of the total capital costs of each heating plant utilized, along with fixed and variable operation and
maintenance costs, fossil fuel expenses, and the costs associated with extending gas grids (Eq. (1)). CO,
emissions include those produced by fuel-based plants, such as biomass gasifiers and diesel plants (Eq. (2)).

1 .
NPV = ¥, RS [(Z,nCo,,¥,CA,,.) + (XpVarCo,, ¥, EG,, ) + (3, FixCop,, ¥, CaT, ) +
(Zre|re€rec FuCOre.t Zz Fz,re,t) + (Zz|zec ETrt,z * TraCot_Z + Zz|zec InTrCOt,z * Lz * Trz,t )]
CO, emissions = Y[ ¥,(E, * ETr,, + ¥, FE, , * EG, )] ()

(1

2.2 Constraints

The constraints of the model are grouped into various categories, such as operational, design, and financial
limitations for heating plants.
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2.2.1 Operational Constraints
The operational constraints ensure the fulfilment of heating requirements for both water and household
applications.

Energy Balance: The heating produced by each plant p, during period t must satisfy the corresponding heating
demand, for both household applications (Eq. (3)) and hot water (Eq. (4)).

Yowepc(EGype) + ETryy =DE, (1 —RA,,); V z,t (3)
2p|p€pa EGz,p,t = RAz,t DEZ,t: Vazt (4)

Thermal Generation Limit Condition: Reflects that the energy generated by the plant is limited by the product
of operating hours and the amount of heat generated, ensuring operational capacities are not exceeded (Eq.

(5))-
EGZ,p,t < BDTz,p * Qz,p.t; \v Z, p, t (5)

Installed Capacity Efficiency: Reflect that the heat flow is limited by the product of efficiency and installed
thermal capacity, ensuring that the heat production does not exceed the plant's available capacity (Eqg. (6)).

Qzpt < Uzp xCalyp, VYV z,p,t (6)

Extension lines of natural gas: The heat transmitted through the gas lines cannot exceed the amount of heat
supplied if the line is operational (Eq. (7)). Additionally, the pipelines capacity cannot be activated until the
decision to implement the gas networks has been made (Eq. (8)).

ETry, <Tro,e »TD, * L, * CT,,;V z|z € zc, t (7)
Troge < Xvse—1e TT20; V 2|2 € 2, T 8)

2.2.2 Design Constraints

These constraints incorporate installed capacities as decision variables, considering resource availability,

annual limits on the number of plants that can be installed, and additional capacity restrictions.

Available Installed Capacity: The previously installed capacity plus the newly added capacity (Eq. (9)).
CaT,pe = CAO,y * ICA, ), + Dlv<t—BT CA,pe;V 2,p,t 9)

Added Capacity Limits: Limits are set for the added capacity (Eq. (10)), ensuring that these do not exceed the
maximum capacity throughout the entire planning horizon (Eq. (11)).

Paming, * BinP,,, < PA,,. < Pamax,, * BinP,,:;V z,p,t (10)
X2z PA,, < Pamax,, ;Vz,p (1)

Conversion of Primary Energy into Heat: The primary sources used for heating generation must not exceed
the available flow of resources (Eq. (12)).

EGope < Nyep * PTiF Cp. ;¥ zrep,t (12)

re,p’

Specific Consumption of Thermal Energy Sources: The total amount of available thermal energy sources to
be consumed during a period can be expressed as the sum of the available fuel in each plant (Eq. (13)). Besides,
the total amount of available fuel to be consumed locally, is restricted by the local energy resource (Eq. (14)).

Frret = Zp Prin,‘re,p,t ;Vzret (13)
Fpret S REj er; Y Z,7e,t (14)
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2.2.3 Budgetary Constraint
The total cost of the hybrid system to be installed is limited by the financial support allocated for the new
capacities and the expansion of natural gas network coverage (Eq. (15)).

e [(Zp Clye * PAype) + InTrCoy # Ly + Try ] < BUG, Y 2 (15)

2.3 Case Study

The MOMILP model was applied to Pamplona, which spans 29,840 hectares, 24.2% of which are designated
as paramo zones, crucial for biodiversity and the water supply to 2.5 million people. The municipality, which is
connected to the natural gas grid, has a heating demand of 648,100 kWh for approximately 56,894 residents
(Villamizar et al., 2022). This demand is influenced by climate, population density, and socio-economic factors.
Additionally, the model inputs included cost data from the International Energy Agency (2024), energy capacities
from the Sistema Unico de Informacion (2022), energy resources from NASA POWER (2024), and emission
factors from the Ministry of Mines and Energy, Colombia (2023).

3. Results and Analysis

The MOMILP model, developed in GAMS using the MIP SIMPLEX algorithm and solved through the e-constraint
method, provides valuable insights into the trade-offs between maximizing profits and minimizing CO,
emissions. A critical finding is the significant impact of adjusting the NPV tolerance gap, which directly influences
emission outcomes. Near-optimal cost solutions yield rapid CO, savings with minimal profit loss; however, this
efficiency diminishes as the tolerance gap widens. The analysis of the Pareto front (Figure 1) highlights that
maximizing capital recovery inevitably leads to higher emissions, as observed in alternative scenario (A1), which
achieves the highest profit (3,353.72 thousand USD) but also the greatest emissions (11,008.05 thousand kg
CO,). Conversely, alternative scenario (A10), with the lowest profit (2,939.89 thousand USD), corresponds to
the lowest emissions (7,670.89 thousand kg CO,). These variations are attributed to the capacity and
technological choices of the plants included in each alternative.

The Pareto front follows a convex trend, where initial emission reductions are cost-effective but become
progressively more expensive as deeper reductions are pursued. Early reductions rely on economical strategies,
such as integrating low-emission technologies like LPG, digesters, and solar thermal accumulators, which
provide substantial gains at relatively low costs. However, as emission targets become more ambitious,
advanced measures such as solar thermal collectors or biomass systems must be deployed, significantly raising
marginal costs. This trend, driven by the transition to cleaner technologies, aligns with the findings of Riedmiiller
et al. (2024) and Gbadeyan et al. (2024), who observed that costlier measures dominate as low-cost
opportunities are exhausted. Furthermore, the phenomenon of diminishing returns steepens the marginal cost
curve, a hallmark of a convex Pareto frontier (Vannoni et al., 2021).

Additionally, CO, emissions are not solely determined by the level of investment but also by operational factors,
highlighting the variability of outcomes for identical portfolios. This underscores the importance of precise
planning and optimization in designing sustainable energy systems. The MOMILP model effectively illustrates
how achieving emission reductions involves balancing economical strategies with investments in advanced
technologies. As such, the results emphasize the need for a nuanced approach to decision-making, particularly
in energy transitions, where both economic feasibility and environmental sustainability are critical.

11500
2 11000
s

S 10500

a
=]
8
o

9500
9000
8500
8000
7500

7000
2900 2850 3000 3050 3100 3150 3200 3250 3300 3350 3400

Total Present Value (Thousands of USD)

CO:z Emissién (Thousand:

Figure 1. Pareto front of CO, emissions and net present value for ten alternative scenarios

The energy matrix participation analysis for heat generation from 2021 to 2040 (Figure 2.), with a total demand
of 14,288,000 kWh, shows a consistent role for solar collection and biodigestion. Solar collection remains fixed
at 0.7%, indicating its stable but modest contribution to meeting the heat demand. Similarly, biodigestion
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contributes 1.6% throughout the period, highlighting its reliable role in sustainable energy generation. However,
the natural gas grid shows a steady increase in its share, rising from 24.6% in the early years to 67.1% by 2040,
reflecting the growing reliance on conventional energy sources as the primary solution for heat generation.

In contrast, LPG combustion experiences a gradual decline, from 73.1% in 2021 to 30.6% by 2040. This
decrease suggests a shift away from LPG as a primary heat source, driven by the increased reliance on natural
gas and the fixed contributions from renewable sources. This trend indicates a transition to more sustainable
and cleaner energy options while meeting the rising heat demand over the planning horizon.
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Figure 2. Percentage Contribution of Heat Generated Over the Planning Horizon for 10 Alternative Scenarios

4. Conclusions

The application of the MOMILP model to the municipality of Pamplona, Colombia, reveals a significant trade-off
between NPV and CO, emissions in the energy generation system. The Pareto front analysis illustrates a clear
pattern where initial emission reductions can be achieved through cost-effective strategies, such as the
integration of solar thermal collectors (fixed at 0.7% contribution) and biodigesters (1.6% contribution). These
renewable technologies provide substantial emissions reductions with relatively low costs. However, as the
demand for deeper emissions reductions grows, the marginal cost of achieving further reductions increases due
to the need for more advanced technologies. For instance, while the natural gas grid steadily increases its share
from 24.6% in 2021 to 67.1% by 2040, the contribution from LPG combustion declines from 73.1% to 30.6%
over the same period. This shift reflects a transition towards cleaner energy options. The convex nature of the
Pareto front aligns with findings in the literature, such as Riedmiiller et al. (2024) and Gbadeyan et al. (2024),
where initial cost-effective emission reduction opportunities are exhausted, requiring higher investments for
deeper reductions. Furthermore, the results underscore the importance of balancing economic feasibility with
environmental sustainability, as both elements play critical roles in energy system planning.

As a recommendation for future research, it is suggested that the model be expanded to include the integration
of energy storage systems. This would allow for a more comprehensive analysis of the region's potential for
decarbonizing the energy matrix while meeting growing heat demands. Additionally, exploring policy incentives
and regulatory frameworks would provide further insights into how government intervention could support the
adoption of clean technologies and facilitate the transition to a low-carbon energy system in regions with similar
environmental and socio-economic conditions.

Nomenclature

Sets Model parameter (Units)

re - Resources R - Discount rate

p - Plants InCop - Unit investment cost, USD/kW

t - Period VarCoyp, - Unit variable cost, USD/kWh

z - Zones FixCop,t - Unit fuel cost, USD/kW

Subsets: FuCoye+ - Unit fuel cost, USD/kg

D c z — Decentralized zones TraCo,, - Unit operation cost of natura gas
lines, USD/kWh

C c z - Centralized zones InTrCo, , - Unit investment cost of new lines of
natural gas, USD/km

pa < p - Hot water plants L, - Length of natural gas of pipelines, km

pb € p — Fuel thermal plants E, - Emissions factor of natural gas, kg

CO2/kWh
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Continuos Variables

CaT, . - Total installed capacity, kW
Q,p,c - Operational capacity, kW

CA, - Additional capacity to install, kW
EG, - Generated heat, kWh

PriF, e ¢ - Total fuel flow consumes, kgly

F,ret - Total fuel flow available, kgly
ETr,. - Heat Transfer, kWh

Binary Variables

FE, , - Emission factor of local resources,
kg CO2/kWh
DE, - Heat demand, kWh

RA, ; - Fraction of demand for hot water

BDT, , - Annual operating time of heat plants, h
U, - Heat generation capacity efficiency
CT,: - Heat generated per pipeline length,
kW/km

TD, - Time factor, h

Pamax, ;, - Maximum capacity to be added, kW
Pamin, , - Minimum capacity to be added, kW

BinP, ,; - If a new capacity is installed, otherwise Cpre,p - Heating value of primary source

BinC, , - If an old capacity is operated, otherwise Niep - Primary thermal resource to heat

conversion efficiency

RE, et - Primary resource available, Unit of

source

Tr, - If new natural gas pipelines are installed, otherwise) BUG, - Total budget for new heating plants and
networks over the entire period, USD

Tro,; - If new natural gas pipelines operate, otherwise
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