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Abstract
Energy demand continues to rise, intensifying fossil fuel crises impacts. Power plants contribute significantly to meeting energy demand, highlighting the urgency of introducing more renewable energy solutions like combined heat and power (CHP). However, imbalanced supply and demand necessitates incorporating thermal energy storage (TES) to enhance flexibility. This study proposes a mixed integer linear programming model that optimally integrates TES with CHP to meet electricity, heat, and gas demands in an urban area. It adopts a novel dynamic efficiency approach for TES, which considers high discharge rates as the tanks gradually empty, and low charging rates as the tanks reach full capacity. To demonstrate the effectiveness of the model, Seoul, a metropolitan city, is used as a representative case study. Results showcase substantial cost savings through seamlessly integrating CHP with TES. Furthermore, a sensitivity analysis evaluates supply uncertainties' implications.
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Introduction
The UN predicts that by 2050, 67% of the global population will reside in cities, posing challenges in energy supply and environmental impact. Increasing urban energy efficiency is crucial to address these issues without compromising economic and quality of life (Colmenar-Santos et al., 2016). CHP systems could play a crucial role in meeting future urban energy demands. These systems satisfy different energy demands simultaneously, including heat, electricity, and possibly cooling (Morvaj et al., 2016). Distributed energy resources (DER) employ a wider range of technologies than central energy supply systems, and include CHP systems and several commercially available energy storage technologies(Yang et al., 2015).
CHP systems are key components in DER and can reduce pollution and increase energy efficiency due to their high efficiency and low investment costs(Jorbandian, 2014). However, CHP systems have the disadvantage of incompatibility between heat and electricity demand throughout the year since the patterns of heat and electricity demand can vary across regions and seasons. Consequently, the extra thermal load cannot be consumed and may be wasted (Cabeza, 2014). TES can increase the efficiency of CHP systems by storing heat for use in the future. It is primarily designed to overcome the incompatibility between produced and consumed energy(Kalaiselvam & Parameshwaran, 2014). 
There have been several investigations that present a mathematical model for DER that uses CHP and renewable resources coupled with TES(Flores & Brouwer, 2018; Jordehi, 2021; Mahani et al., 2020; V. et al., 2020; Zakernezhad et al., 2021), but the efficiency of TES is considered as a constant in these studies. In some more accurate models, input and output temperatures of TES are considered (Steen et al., 2015). However, using temperature not only makes model complicated but it can be computationally expensive.
As it can be seen, previous studies on DER systems with CHP and TES units have primarily focused on energy generation and transmission. In these studies, TES efficiency has been assumed constant over time. However, in practice, TES units behave similarly to capacitors; their charge and discharge rates change dynamically. Specifically, the temperature differential between the TES and the charging/discharging medium decreases over time (Dincer & Zamfirescu, 2011). This leads to declining charge and discharge rates over the duration of the charging and discharging cycles respectively. In other words, TES performance evolves over time. As urban power models continue to develop, detailed modelling of TES performance characteristics and economics will become increasingly important to enable wider adoption.
To address this research gap, this study develops a mixed-integer linear programming (MILP) model to design distributed energy resources with CHP and TES units to meet the gas, heat and electricity of a metropolitan city at the lowest cost. The use of case studies in DER models is helpful for evaluating their effectiveness. Therefore, real data for Seoul as metropolitan city case study was utilized to demonstrate the approach. Based on the analysis, the validity and efficiency of the model have been examined. The contributions of the study, in short, are as follows: 1) proposing DER model with non-constant performance of TES; 2) linearizing TES performance and comparing with constant efficiency model; 3) Applying the model for a Korean case study and analyzing the results.
Pattern for District Generation
Baseline model
In this model, the annual cost has been selected as the objective function. The goal is to minimize the cost of satisfying the gas, electricity, and heating demands. The equipment and technology used in this model are: 1) Small household boilers: This consumes natural gas and produces the heat required in a building; 2 )Large steam boilers: it consumes natural gas and produces the heat required for several buildings; 3) Small CHP unit: this consumes natural gas and produces heat and electricity; 4) Medium CHP unit: it consumes natural gas and produces heat and electricity for several simultaneous production units.
A mass and energy balance are shown in Equation (1) for the source r in district i and for time t based on production, storage, transport, import, and export.  
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where P is the net production rate of resources, D is demand, Tr is the transfer rate of resources, Im is the import rate, Le is the loss rate, and E is the export rate. The objective function in this model is shown by Equation (2):
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where μ is the metric performance indicator, with Wμ as its objective function weight. Various factors contribute to μ: production technologies (), import (), export (), storage technologies (), and their impact on the metric's performance.
Using TES in DER
The energy stored in TES is made up of three parts: charging, storing and discharging energy. In the charging phase, energy enters the system. In the storing phase, the energy is saved and in the discharge phase, the energy will transfer to the system. The amount of stored and discharged energy is different over time. To obtain performance curve of energy storage, the system requires determination of the efficiency curve over time. Performance can be split into two aspects: 1) Energy efficiency is based on the First Law of thermodynamics; 2) Exergy efficiency is based on the Second Law of thermodynamics (Dincer & Rosen, 2002). As the model presented in this work is energy-based, the first law is used to evaluate the performance of TES energy. In this work, water is used for sensible energy storage due to its ease of access and thermal conductivity. In this work, two scenarios with linear formulations are generated based on non-TES and TES with non-constant efficiency. 
TES with Constant Efficiency
In this section, TES is considered with constant efficiency. Equations are described below:
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Mass and energy balance modified by equation (3) where  is the amount of exchanged energy. Equation (4) shows change in energy level of TES where  is initial energy level at the beginning of time period, and  is the energy level at the end of time period of TES. Based on equation (5), every time period has a lower energy level than the previous time period considering energy degradation. Here  denote degradation percentage.
TES with Non-Constant Efficiency
The heat flow rate between thermal energy storage (TES) and connected systems follows nonlinear dynamics per the standard heat transfer equation, as the product of mass flow and temperature differential. However, studies show TES units generally operate around 50% of capacity for charge and discharge(Romanchenko et al., 2018). Moreover, TES shows similar behavior to capacitors - charge/discharge rates are high when empty/full but taper as storage becomes more filled/empty. Thus, a reasonable simplifying assumption is to constrain the TES charge/discharge to 50% of capacity per time period, though this omits nonlinear effects. This enables cleaner mathematical formulation and linear constraints on heat flows rather than reliance on dynamic nonlinear products. Thus, this assumption aligns with common real-world TES performance while allowing simplified linear heat flow constraints. Consequently Equation (4) is modified by Equation (6):
[image: ]
Figure 1. Energy demands for each district in Seoul.
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where  is Number of storage technologies of type stor in district i, is maximum capacity of storage.
Case study
[image: ]The proposed model is implemented in a real case study of distributed generation in metropolitan city Seoul. The objective of this project is to minimize the total cost of providing electricity, heating, and natural gas in the city. The city is divided into districts,  with each having specific demands. Through the heat network, electricity and gas can be exchanged between districts. To demonstrate the effectiveness of the proposed model, Seoul is divided into 25 districts and demands for each of them is shown in Figure 1(Seoul Statistics Integrated Platform, 2023). Two boilers with different capacities of 0.025MW and 6.2MW are considered. Moreover, two types of CHP with 1 and 10MW capacity are assumed. The storage tanks considered in this study have 2, 3, and 4 MWh capacity.Figure 2. Energy loss in energy system.

[image: ]Results and discussionFigure 3. Impact of sensitivity energy production on the total annualized cost.

The optimization model was coded in Python using Pyomo and solved with IBM CPLEX on a standard laptop (16GB RAM, Intel Core i5 CPU). It included over 20,000 variables and 592,000 constraints. Two scenarios were analyzed: 1) DER without TES, and 2) incorporating TES with non-constant charge/discharge efficiency.
The minimum annualized cost computed for Scenario 1 is $2.62 billion, comprising 94% energy production costs, 5.6% import costs, and 4% transmission costs between districts. As shown in Figure 1, the highest electricity/heating demands occur in the southeast districts, aligning with the localization of generation assets in Dongjak, Gwangjin, Yangcheong, Gwanak, Seodaemun, Yeongdeungpo.
For Scenario 2, integrating TES decreases the total annual costs by 9% to $2.37 billion. The largest shares of costs are energy production, imports, transmission, and TES operation, respectively. Figure 2 illustrates how TES reduces transmission losses, especially in summer when heating demands are lower. The loss differential between scenarios is least in winter as heating needs spike.
Sensitivity analyses in Figure 3 indicate production costs become more impactful with TES present. This highlights the value of accurate technical data for storage performance in optimization models. Additional analyses could examine using higher-resolution demand data or new storage mediums.
Conclusions
This study presented an MILP model for optimizing DERs in metropolitan cities, considering CHP systems alongside TES. The key novelty was incorporating a linearized, non-constant thermal storage efficiency function to better represent real-world charge/discharge performance over time.
Results demonstrated a 9% cost reduction by integrating thermal storage versus the scenario without storage. In terms of costs, energy production accounted for 94%, followed by imports (5.6%) and transmission (4%). By increasing system flexibility, thermal storage enabled better demand-supply alignment and reduced losses. The sensitivity analysis showed production costs have a greater influence on overall costs when storage is present. This highlights the importance of accurate technical performance data for storage systems in optimization models.
References 
Cabeza, L. F. (2014). Advances in thermal energy storage systems: Methods and applications. Elsevier.
Dincer, I., & Rosen, M. (2002). Thermal energy storage: systems and applications. John Wiley & Sons.
Dincer, I., & Zamfirescu, C. (2011). Sustainable energy systems and applications. Springer Science & Business Media.
Fazlollahi, S., Becker, G., & Maréchal, F. (2014). Multi-objectives, multi-period optimization of district energy systems: II—Daily thermal storage. Computers & Chemical Engineering, 71, 648–662. https://doi.org/https://doi.org/10.1016/j.compchemeng.2013.10.016
Flores, R. J., & Brouwer, J. (2018). Optimal design of a distributed energy resource system that economically reduces carbon emissions. Applied Energy, 232, 119–138. https://doi.org/https://doi.org/10.1016/j.apenergy.2018.09.029
Jorbandian, S. (2014). Urban energy management based on Combine heat and power systems. Mazandaran University of Science and Technology.
Jordehi, A. R. (2021). Scheduling heat and power microgrids with storage systems, photovoltaic, wind, geothermal power units and solar heaters. Journal of Energy Storage, 41, 102996. https://doi.org/https://doi.org/10.1016/j.est.2021.102996
Kalaiselvam, S., & Parameshwaran, R. (2014). Thermal energy storage technologies for sustainability: systems design, assessment and applications. Elsevier.
Koltsaklis, N. E., Kopanos, G. M., & Georgiadis, M. C. (2014). Design and Operational Planning of Energy Networks Based on Combined Heat and Power Units. Industrial & Engineering Chemistry Research, 53(44), 16905–16923. https://doi.org/10.1021/ie404165c
Mahani, K., Jamali, M. A., Nazemi, S. D., & Jafari, M. A. (2020). Economic and Operational Evaluation of PV and CHP combined with Energy Storage Systems considering Energy and Regulation Markets. 2020 IEEE Texas Power and Energy Conference (TPEC), 1–6. https://doi.org/10.1109/TPEC48276.2020.9042537
Morvaj, B., Evins, R., & Carmeliet, J. (2016). Optimising urban energy systems: Simultaneous system sizing, operation and district heating network layout. Energy, 116, 619–636. https://doi.org/https://doi.org/10.1016/j.energy.2016.09.139
Romanchenko, D., Kensby, J., Odenberger, M., & Johnsson, F. (2018). Thermal energy storage in district heating: Centralised storage vs. storage in thermal inertia of buildings. Energy Conversion and Management, 162, 26–38. https://doi.org/https://doi.org/10.1016/j.enconman.2018.01.068
Seoul Statistics Integrated Platform. (2023, May 18). Https://Stat.Eseoul.Go.Kr/.
Steen, D., Stadler, M., Cardoso, G., Groissböck, M., DeForest, N., & Marnay, C. (2015). Modeling of Thermal Storage Systems in MILP Distributed Energy Resource Models. Applied Energy, 137, 782–792. https://doi.org/10.1016/j.apenergy.2014.07.036
V., A. K., Sharma, S., & Verma, A. (2020). Optimal DER Sizing and Dispatch of CHP for a Remote Educational Microgrid. 2020 IEEE 9th Power India International Conference (PIICON), 1–6. https://doi.org/10.1109/PIICON49524.2020.9113059
Watanabe, Y., & Iwafune, Y. (2014). Method for evaluating the relationships between urban forms and energy system. ENERGYCON 2014 - IEEE International Energy Conference, 1004–1011. https://doi.org/10.1109/ENERGYCON.2014.6850548
Yang, Y., Zhang, S., & Xiao, Y. (2015). Optimal design of distributed energy resource systems coupled with energy distribution networks. Energy, 85, 433–448. https://doi.org/https://doi.org/10.1016/j.energy.2015.03.101
Zakernezhad, H., Nazar, M. S., Shafie-khah, M., & Catalão, J. P. S. (2021). Optimal resilient operation of multi-carrier energy systems in electricity markets considering distributed energy resource aggregators. Applied Energy, 299, 117271. https://doi.org/https://doi.org/10.1016/j.apenergy.2021.117271
 
image1.emf
Heat Demand (TOE)

700000 >

[700000,1450000]

[1450000, 3300000]

[3300000, 9000000]

9000000 <

Gas Demand (TOE)

21000000 >

[21000000, 28000000]

[28000000, 35000000]

35000000 <

Electricity Demand (TOE)

390000000>

[390000000, 480000000]

[480000000, 550000000]

[550000000, 650000000]

650000000 <


image2.emf
0

2E+09

4E+09

6E+09

8E+09

1E+10

1.2E+10

Spring

Summer Fall Winter

w TES w/o TES

Spring                             Summer                                Autumn                                 Winter


image3.emf
0

0.5

1

1.5

2

2.5

3

3.5

0.5 0.75 1 1.25 1.5 1.75

% Difference in total cost

% Difference in productionn rate

Second Scenario

First Scenario


